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Chapter I 
GENERAL INTRODUCTION 
I. GENERAL INTRODUCTION 
Introducti-on 
The genome of eucaryotic organisms reaches values up to 10 
base pairs in mammalian cells. This enormous amount of DNA, 
corresponding to several meters if the DNA is extended as a 
continuous double helix, is highly condensed in the nucleus by 
association with numerous proteins and with RNA. This association 
leads to the packing of DNA in nucleosomes, chromatin fibers and 
chromosomes by successive levels of organization. Moreover, it 
has been indicated that the chromatin fibers are not freely 
mobile in the nucleus, but are anchored to structural nuclear 
components. 
Beyond doubt these higher orders of organization have several 
functional consequences for DNA replication and the separation 
of the DNA daughter molecules during mitosis. 
Nualeosomes, ahromatin fibers and chromosomes 
Research in the last decade has revealed the basic repeat unit 
of the chromatin fiber, the nucleosome (Elgin and Weintraub,1975 ; 
Kornberg,1977; McGhee and Felsenfeld,1980). Electron micrographs 
of the nucleosome string show a beads-on-a-string structure, 
built up of spherical 10 nm particles connected by thin fibers 
(Olins and 01ins,1974; Oudet et al,1975; Poon and Seligny,1980). 
At the nucleosomal level, the DNA double helix is wound at 
regular distances around a his tone octamer composed of two 
molecules each of the histones H2a, H2b, H3 and H4 (Kornberg and 
Thomas,1974; Kornberg,1974) linked by a spacer of free DNA with 
variable length (Axel,1975; Morris,1976; Finch et al,1977). The 
coiling of the DNA around the nucleosome cores results in a 
linear shortening of DNA by about a factor seven'. This factor, 
the packing ratio, is the ratio of the length of the DNA molecule 
vs. the length of the chromatin fiber (Georgiev et al,1978; Rindt 
and Nover,1980). 
The second level of organization is brought about by the 
packing of the nucleosome string in the chromatin fiber. The 
ultrastructure of the chromatin fibers reveals knobby filaments 
with diameters of 10 to 30 nm (DuPraw,1970 ; Ris,1975; Davies, 
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1976). This knobby appearance of the chromatin fibers in the 
electron microscope is interpreted in terms of a globular 
condensation of the nucleosomes. The globules are called 
"superbeads" and contain 6 to 10 nucleosomes (Renz et аЪ,\ЧП·, 
Strätling et αϊ,1978). Other electron microscopic studies 
(Carpenter et al, 1976; Worcel and Benyajati,1977) and X-ray 
diffraction studies (Finch and Klug,1976) indicate a coiling of 
nucleosome strings to a left-handed helix with a pitch of 10 run 
and a diameter of 25 to 30 nm, the solenoid. The differences 
between the superbead and the solenoid model may be caused by 
variations in the sample preparation. Both models result in a 
packing ratio of about 30 to 40 (Georgiev et al,1978; Rindt and 
Mover,1980). At this organizational level of the DNA molecule the 
histone HI stabilizes the structure by the formation of cross­
links between nonadjacent nucleosomes (Noll and Romberg, 1977; 
Worcel,1978; Thoma et al,1979; Osipova et α£,1980). 
While the first two levels of DNA organization are realized by 
the interaction between DNA and histones, there are strong 
indications that the folding of the chromatin fibers in 
interphase chromatin and chromosomes requires non-histone 
proteins and RNA. The results of hydrodynamic studies of the 
folded interphase genome of Drosophila melano gas ter treated with 
ethidium bromide (Benyajati and Worcel,1976) and of nuclease-
digested rat liver nuclei (Hyde et al,1979) are interpreted in 
terms of a condensation of the solenoids in super-solenoids or 
supercoiled loops by the binding of DNA to non-histone proteins. 
This is supported by others, using HeLa nuclei treated with 
ethidium bromide and γ-radiation (Cook and Brazell,1978) and 
mouse FM3A cells depleted of histones with sodium dodecyl 
sulphate (Nakane et al,1978). The observations that the fibers do 
not collapse have resulted in the general belief that the 
chromatin fibers in the interphase nucleus are bound to a 
supporting matrix of non-histone proteins (Igo-Kemenes and 
Zachau,1978). 
The organization of DNA m super-solenoids is postulated also 
after electron microscopic studies on metaphase chromosomes from 
HeLa cells (Bak et al,1977). Other ultrastructural observations 
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on histone-depleted HeLa chromosomes have demonstrated a higher-
order folding of the DNA chain, held together in a looped 
formation by the so-called scaffolding proteins (Paulson and 
Laemmli,1977; Adolph et αΖ,1977; Marsden and Laemmli,1979 ; 
Mullinger and Johnson,1980). The compactness of intact chromosomes 
makes it difficult to explain the higher-order folding of the 
chromatin fiber (Ris and Romberg, 1978; Bahr and Engler, 1980) , 
which results in a packing ratio of total DNA length to the 
metaphase chromosomes of about 5000-8000 (Georgiev et αΖ-,1978; 
Rindt and Nover,1980). 
There are indications that non-histone proteins of the high-
mobility group (HMG) have a function in the condensation of 
interphase chromatin (Goodwin et αΖ,1978). Other non-histone 
proteins are involved in the formation of a three dimensional 
network of chromatin fibers in the interphase nucleus and are 
related to structural nuclear components (Igo-Kemenes and Zachau, 
1978) like the nuclear envelope and the nuclear matrix. 
The nuclear envelope 
In the interphase of the cell cycle the nucleoplasm and the 
cytoplasm are separated by a complex organelle, the nuclear 
envelope. The nuclear envelope is a double membrane structure 
consisting of the inner and outer membranes joined at the pore-
complexes (Watson,1959). Pore-complexes have been studied in 
detail for more than a decade and the main reason they have 
attracted so much attention is that they are the major passage 
ways of large molecules between the nucleus and the cytoplasm 
(Franke,1974 ; Fry,1976). The outer nuclear membrane bears 
ribosomes, is continuous with the endoplasmatic reticulum and 
provides attachment sites for the cytoskeleton (Ramaekers,1981). 
This structural element in the cytoplasm is believed to keep the 
nucleus in its place in the cell (Osborn and Weber,19 77; Lehto 
et αΖ,1978). The inner nuclear membrane is associated with the 
lamina which is contiguous with the pore-complexes. 
The pore-complex lamina 
It has been found that the gross morphology of the nucleus is 
maintained after the removal of the nuclear envelope with 
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non-ionic detergents (Bartonet al, 1971; Tata et al, 1972; 
Hoeymakers et al,1974). Thus the nuclear envelope is not the only 
structural component of the nucleus. It is therefore suggested 
that the shape of nuclei, isolated with non-ionic detergents at 
low ionic strength in the absence of divalent cations, is 
maintained by a layer of perinuclear chromatin (Barton et al,1971; 
Hancock,1974) or by the nuclear shell (Hubert et al,1979; Bouvier 
et αΖ-,1980). This nuclear surface complex contains chromatin and 
fragments of the pore-complex lamina (Hubert et al,1981). 
The lamina is a distinct electron dense layer interposed between 
the inner nuclear membrane and the peripheral chromatin with 
discontinuities at the pore-complexes. In certain lower eucaryotes 
like Amoeba proteus, it extends for up to 300 nm into the 
nucleoplasm (Pappas,1956 ; Mercer,1959). In higher eucaryotes a 
similar but less extensive structure is described, termed the 
fibrous lamina (Fawcett,1966), zonula nucleum limitans (Mazanec, 
1967; Patrizi and Poger,1967), dense lamella (Kalifat et al,1967) 
or granular perinuclear layer (Bruni and Porter,1965). The lamina 
of mammalian cell nuclei is usually thinner than 80 nm and often 
it is not discernable at all by conventional electron microscopy 
on whole cells. Blobel and co-workers suggest that although the 
lamina is not always visible on whole nuclei, its functional 
counterpart may always be present (Gerace et αΖ-,1978) . This 
suggestion is based on the observation that, after removal of 
heterochromatin from isolated nuclear envelopes (Aaronson and 
Blobel, 1975) , a thin lamina-like structure with pore-complexes 
is distinctly visible in addition to the inner nuclear membrane 
(Dwyer and Blobel,1976). This pore-complex lamina fraction 
largely consists of proteins with molecular weights in the 60-70 
kiloDalton range (Gerace et α£,1978; Gerace and Blobel,1980). 
Literature on the appearance of a lamina layer in mammalian 
cell nuclei comprises, however, some controversies. Treatment 
of isolated nuclear envelopes with the non-ionic detergent 
Triton X-100 results in the removal of more than 95% of the 
phospholipids (Dwyer and Blobel,1976), while the detergent-
treatment extracts very little protein (Richardson and Maddy, 
1980). Therefore the bulk of the nuclear envelope protein either 
resides in the lamina and the pore-complexes, or, during the 
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Triton extraction, some proteins of the nuclear membrane 
precipitate onto the pore-complex lamina. 
Another interpretation for the appearance of a lamina layer 
suggests that this layer is not a unique structural entity but 
rather represents the inner nuclear membrane altered by the 
detergent treatment (Scheer et al,1976). The occurrence of highly 
reactive impurities in industrial applied Triton X-100 (Ashani 
and Catravas,1980) .makes an alteration of proteins possible. 
The nualeav matrix 
The first indications for the existence of a non-chromatinic 
structural network throughout the nucleus were revealed 40 years 
ago (Mayer and Gulick,1942). This structural network was 
investigated by microscope two decades later (Zbarsky and Georgiev, 
1959). The network was discovered through its property to resist 
high-salt concentrations, used to dissolve the chromatin. It was 
composed of protein fibers as the structure was ruptured by 
proteases (Anderson,1953). 
In recent years it has become evident that the existence of a 
structural component in addition to the nuclear envelope is a 
general phenomenom in eucaryotic cell nuclei (Shaper et al, 1979). 
The structure is called the nuclear protein matrix by Berezney 
and Coffey (1974), who isolated this interchromatinic network 
from rat liver nuclei after extraction of the chromatin and the 
phospholipids. The ultrastructure of the nuclear protein matrix 
revéales three structural components: the pore-complex lamina, 
the residual nucleolus and a fibrillogranular internal matrix 
(Berezney and Coffey,1976). 
The nuclear protein matrix from rat liver consists for 99% of 
protein with traces of DNA, RNA and phospholipids. SDS-gel 
electrophoresis shows several minor polypeptides and three 
predominant polypeptides in the 60-70 kiloDalton molecular weight 
range (Berezney and Coffey,1976). These polypeptides seem to be 
the common proteins of nuclear matrices from mammalian cells 
(Shaper et al,1979). Lower eucaryotes like Tetrahymena (Herían 
and Wunderlich,1976) and Physarum polyoephalum (Mitchelson et al, 
1979) have nuclear matrices with an identical morphology but with 
a polypeptide composition in a lower molecular weight range. 
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Minor variations in the isolation procedure of the nuclear 
matrix result in drastical changes in the ultrastructure (Cobbs 
and Shelton,1978; Kaufmann et ai,1981). The internal matrix 
appears to be the most delicate part of the structure, as it is 
removed in the presence of traces of proteases and by a reversion 
of the order of extraction steps (Kaufmann et σΖ-,1981). Also the 
extent of disulphide cross-linking influences the morphology of 
the nuclear matrix (Cobbs and Shelton,1978; Kaufmann et αϊ,1981). 
DNA attachment 
The ideas concerning the functional aspects of the association 
of DNA with the nuclear envelope are derived from the procaryotic 
system. In procaryotic cells DNA has binding sites on the cell 
membrane (Jacob et a¿,1963) and this association is important for 
the regulation of the replication and the ordered separation of 
the genome after synthesis. 
Therefore Comings (1968) suggested that the maintenance of the 
organization of the eucaryotic DNA inside the interphase nucleus 
is facilitated in part by multiple binding sites at the nuclear 
envelope. The association is demonstrated m many different cell 
systems by a variety of morphological observations (Franke et al, 
1973; Zentgraf et al,1975). Isolated nuclear envelopes and 
fragments of them contain certain amounts of DNA, even after 
severe purification methods and sucrose gradient centnfugation 
(Mizuno et al,1971; Agutter,1972; Oppenheim and Wahrman,1973). 
The association between DNA and the nuclear envelope is very 
stable, as it resists detergents (which treatment destroys the 
nuclear membrane, see The pore-oomplex lamina), hydrogen-bond 
weakening agents, high-ionic strength and various types of 
shearing and spreading forces (Franke et al,1973; Zentgraf et al, 
1975) . 
The ideas concerning the site of chromatin attachment to the 
nuclear envelope are controversial. It has been suggested that 
the chromatin fibers are anchored to the annuii of the nuclear 
pores (DuPraw,1965 ; Comings and Okada,1970; Engelhardt and Pusa, 
1972; Schel and Wanka,1973) or more precisely to the central 
granula of the nuclear pores (Maul,1971). Other investigators 
state, on the basis of their ultrastructural observations, that 
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the chromatin fibers are attached to the interpore region of the 
nuclear envelope and suggest that the filaments anchoring the 
nuclear pores are ribonucleoproteins (Franke et αΖ-,1973; Franke, 
1974). The interpore region is now generally believed to be 
constituted of the lamina that mediates the anchorage of chromatin 
fibers to the nuclear envelope (Aaronson and Blobel,1975). 
The discovery of the nuclear protein matrix (Berezney and Coffey, 
1974) revealed two other structural components in the nucleus in 
addition to the pore-complex lamina: the internal matrix and the 
residual nucleolus. DNA threads are seen to emerge from all these 
components (Comings and Okada,1976; Berezney and Coffey,1976; 
Berezney,1979). The attachment of the genome DNA to the nuclear 
matrix in the interphase cell may play a role in nuclear functions 
like DNA replication and RNA processing (Shaper et αΖ-,1979; 
Berezney,1979; Agutter and Richardson,1980). 
DNA attachment during mitosis 
For lower eucaryotic organisms, which retain the nuclear envelope' 
during the major part of mitosis, it is suggested that the nuclear 
matrix is at least in part equally divided between the two 
daughter nuclei (Heath,1980). Such an equipartition is easy to 
control and energetically more attractive than the loss of 
structural components during mitosis. 
In higher eucaryotes, the nuclear envelope with the lamina and 
the pore-complexes disperse during mitosis and are reformed again 
in the daughter nuclei. This process was studied extensively with 
immunofluorescence microscopy by means of fluorescent antibodies 
against the polypeptides of the pore-complex lamina. In interphase 
nuclei the antibody binding sites are found exclusively at the 
nuclear periphery, but during mitosis they are distributed at 
random in the cytoplasm and are not associated with the condensed 
chromosomes (Ely et αΖ.,1978; Krohne et al, 1978; Gerace et αΖ.,1978; 
Gerace and Blobel,1980; Stick and Hausen,1980; Jost and Johnson, 
1981) . 
A consequence of the disappearance of the nuclear periphery 
is a loss of DNA attachment sites, which implies a spatial 
disorganization of DNA during mitosis. The investigations of 
Laemmli and co-workers have indicated that even during mitosis 
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DNA is well organized as the chromosomal scaffolds maintain 
an ordered anchoring of DNA (Paulson and Laemmli,197 7 ; Adolph 
et al,1977; Marsden and Laemmli,1979). 
The fate of the internal matrix and its role in DNA organization 
during mitosis in higher eucaryotes is not yet understood (Heath, 
1980; Agutter and Richardson,1980 ; Adolph,1980), but the 
disappearance of the nucleus suggests a dispersal of the nuclear 
matrix components. These components could form the chromosomal 
scaffolds. 
Locali zation of DNA pep Іг e at-ion in the nucleus 
The involvement of the procaryotic cell membrane in DNA 
replication (Ganesan and Lederberg,1965 ; Smith and Hanawalt,1967 ; 
Tremblay et al, 1969) and the association of DNA with the nuclear 
envelope in eucaryotes (see DNA attachment) have stimulated the 
ideas of the nuclear envelope as a site for DNA replication. 
Several authors (Hanaoka and Yamada,1971; Pearson and Hanawalt, 
1971; Hildebrand and Tobey,1973,· Infante et al,1976) claim a 
preferential association of nascent DNA with nuclear envelope 
fragments. They use the M-band technique of Tremblay et al (1969) 
which implies a complex formation between membranes and Mg-
sarcosinate in sucrose gradients. The presence of polypeptides of 
the nuclear membranes in the M-band is not confirmed by 
biochemical analysis. Therefore it is not excluded that the 
association of nascent DNA to M-band material is artificially 
induced during the experimental procedure and has nothing to do 
with an in vivo association of nascent DNA with the nuclear 
envelope (Fakan,1978). Autoradiographic studies on synchronized 
mammalian cells pulse-labeled with radioactive thymidine (Comings 
and Kakefuda,1968; O'Brien et al,1972) indicate the localization 
of DNA replication near the nuclear envelope. A problem of these 
studies is the synchronization procedure (Williams and Ockey, 
1971), as experiments with different methods of cell 
synchronization have given opposing results. These autoradiographs 
reveal no preferential localization of nascent DNA at the nuclear 
periphery and the peripheral labelling holds only for late 
replicating DNA (Comings and Okada,1973; Fakan et αΖ.,1972; Huberman 
et ai,1973; Wise and Prescott,1973; Kuroiwa,1973,1974 ; Fakan and 
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Hancock,1974 ; Sparvoli et aZ,1976). Now the general consensus 
seems to be that neither the ongoing DNA replication nor the 
initiation of the replication is associated with the nuclear 
envelope (Fakan,1978; Moyer,1979). This is supported by the 
studies on the nuclear matrix. 
The distribution of the DNA replication sites throughout the 
nucleus implicate the nuclear matrix as the intra-nuclear site 
of DNA synthesis. Partial digestion studies with nucleases reveal 
that newly replicated DNA is preferentially bound to the nuclear 
matrix (Berezney and Coffey, 1975; Wanka et αΖ-,1977; Dijkwel et al, 
1979; Pardoll et αΖ.,1980; Hunt and Vogelstein, 1981 ; Berezney and 
Buchholtz,1981). In addition, autoradiographic observations of 
nuclear matrices isolated from cells pulse-labeled with 
radioactive precursors, show an intimate association of nascent 
DNA with the structure (Vogelstein et a 1,1980; McCready et al, 
1980) . 
The anchorage of DNA to the nuclear envelope and the nuclear 
matrix by attachment of the replication forks and additional 
binding sites like the origins of replication (Wanka et al,1977; 
Dijkwel et al ,1979; Wanka and Mitchelson,1979 ; Pardoll et al, 
1980; Hunt and Vogelstein,1981; Berezney and Buchholtz,1981) may 
be of importance for the proper separation of the two daughter 
molecules resulting from DNA replication (Dingman,1974). 
The research described in this thesis was started to gain insight 
into the morphology of high-salt-resistant nuclear residues to 
which chromosomal DNA is anchored. 
The lower eucaryote Physarum polycephalum can grow as a large 
multinucleated macroplasmodium with a naturally synchronous 
mitosis of all nuclei. The isolation and characterization of the 
nuclear matrix from interphase nuclei of Physarum are described 
in chapter II. Chapter III presents the fate of the nuclear matrix 
and the DNA attachment during the whole nuclear cycle of Physarum. 
This investigation was possible because nuclei could be isolated 
up to late anaphase of mitosis (Mohberg and Rusch,l971). 
Chapter IV is devoted to high-salt-resistant nuclear residues 
from cultured bovine liver cells (Pieck,1971), to which nearly all 
the nuclear DNA is attached (Wanka et al,1977; Dijkwel et al,1979). 
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The structures were isolated in large scale preparations and 
characterized with regard to their ultrastructure and polypeptide 
composition. The association of DNA to the structures was analysed 
by partial DNase digestion studies. In chapter V the DNA 
attachment to the residual nuclear envelope, isolated with 
heparin, and its polypeptide composition is examined. In 
2 + 
chapter VI the influence of Mg on the high-salt-resistant 
nuclear residues is described and the morphology of the structure 
is compared to that of the nuclear matrix. 
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SUMMARY 
A nuclear framework structure has been obtained from isolated interphase nuclei of Physantm 
polycephalum by extraction with 2 5 м NaCl and subsequent digestion with DXase. Whole-
mount electron micrographs showed a nuclear lamina containing residual pore structures 
associated with the fibrous internal matrix. The matrix was continuous with fibrillar remnants 
of the nucleolus. The structure was shown to consist of 2 major polypeptides of 23000 and 
36500 Daltons as well as 30 to 40 minor polypeptides of various molecular weight classes. The 
2 major polypeptides were also prominent m preparations of the residual nucleolar material, 
suggesting that matrix proteins are common to both structures. The predominance of low-
molccular-wcight polypeptides in Physarum nuclear matrix suggests that there may be 
significant differences in composition of nuclear structural proteins between lower and higher 
eukaryotes. 
INTRODUCTION 
A residual structural framework has been obtained when isolated nuclei of eukaryotic 
cells were treated with high salt concentrations and DNA-degrading enzymes 
(Berezney & Coffey, 1975, 1976; Comings & Okada, 1976). It was found to consist 
of the nuclear lamina and an internal nuclear matrix extending from the lamina 
inwards through the entire nuclear space. The proteins comprising the matrix were 
found by gel electrophoresis to be present in preparations of both the nuclear envelope 
and the nucleolus (Berezney & Coffey, 1976). This widespread distribution of struc­
tural proteins within the nuclear substructures may allow DNA to attach at specific 
sites throughout the nucleus such that the structural framework plays a primary role 
in the spatial organization and processing of both replicative and non-rcplicativc 
DNA (Berezney & Coffey, 1976; Wanka et al. 1977; Mullenders, 1979). 
The demonstration of a structural protein matrix in the ciliate Tetrahymena 
suggests a general occurrence, and possibly a general function, of the nuclear struc­
tural framework in eukaryotic cells (Wunderlich & Herían, 1977; Herían & Wunder-
lich, 1976). In contrast to the 3 high-molecular-weight proteins consistently found in 
preparations of the nuclear substructures from higher eukaryotes, the matrix of 
macronuclei from Tetrahymena is composed of 6 or more major polypeptides ranging 
from low to high molecular weight. 
* Present address: Biophysics Laboratory, St Michael's Building, White Swan Road, 
Portsmouth, England. 
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I n t h i s paper we extend these observations a n d d e m o n s t r a t e t h e existence of 
a s t ructural prote in framework in nuclei of t h e myxomycetc Physarum polycephalum 
also, significantly, composed of p r e d o m i n a n t l y low-molecular-weight polypept ides . 
T h e s e observations suggest t h e r e may be significant differences in the composit ion of 
t h e nuclear s t ructural prote ins between t h e higher and lower eukaryotes. T h e prote in 
matr ix from Physarum nuclei, similar to matr ices from Tettahymena and from higher 
eukaryotes, is associated wi th D N A and is s t ructural ly c o n t i n u o u s both with the 
nuclear lamina and with a s t ructural r e m n a n t of t h e nucleolus. 
MATERIAL AND METHODS 
Isolation of nuclei and nucleoli 
Microplasmodia of Physarum polycephalum, strain M3C IV, «ere grown as described by 
Daniel & Baldwin (1964). Macroplasmodia were prepared and the stages of the nuclear cycle 
were determined as desenbed previously (Schel & Wanka, 1973). 
Nuclei and nucleoli were isolated, with slight modifications to the procedures, according to 
the methods of Mohberg & Rusch (1971). Briefly, the nuclei of Physarum were released into 
a medium containing о 25 M sucrose, 5 т м MgCl2, 10 т м Tns-HCl, pH 7 2,0 ι % Triton Χ-ιοο 
and о s т м phenylmcthylsulphonylfluoride (PMSF). After a brief ccntnfugation to remove 
cell debris the supernatant was filtered through 2 layers of milk filter (Brocades N V., Nijmegen). 
Nuclei were collected from the filtrate by ccntnfugation at 1000 g for 15 min over an underlay 
of isolation medium containing 1 м sucrose In order to increase the purity of the preparation 
and to stabilize the nuclei for the subsequent preparation of the nuclear protein matrix, the 
nuclei were washed once (and occasionally twice) in about 200 ml of isolation medium and 
were collected by centnfugation at 1000 g for io mm. 
Nucleoli were released from Physarum directly by homogemzation into a medium with the 
same composition as described above, but containing о s т м MgCl 2 instead of s т м (Mohberg 
& Rusch, 1971) Contaminating nuclei were removed by centnfugation at 800 g for 5 mm 
over an underlay of isolation medium containing 0 8 м sucrose Nucleoli were pelleted from the 
supernatant by centnfugation at 1500 g for 15 mm, and were washed once with isolation 
medium then pelleted at 1000 g for 10 mm. 
Isolation of the residual nuclear structure 
Nuclei were suspended at a concentration of about 3 χ i o 7 nuclei/ml in an ice-cold solution 
of 10 т м EDTA, pH 7 2, by gentle passage through a stainless steel needle (o 8 χ ΐ2θ mm), 
and then left on ice for 15 mm with occasional mixing by inversion. Nuclei were pelleted at 
1500 g for 15 mm and the extraction with E D T A was repeated The EDTA-trcatcd nuclei 
were then rcsuspended at a concentration of about 6 χ i o 7 nuclei/ml in a solution of ο 1 т м 
Tns-HCl, pH 6 8. After incubation on ice for io min in sihcone-coated centrifuge tubes, 
a solution of buffered NaCl was slowly added to the suspension to a final concentration of 
2 5 м NaCl and 50 т м Tns-HCl, pH 7 2. Extensive clumping of the nuclear material was 
avoided by slow addition of the salt solution 
This suspension was then passed 4 times through а о 8-mm needle and left on ice for 15 mm. 
A pellet of high salt-treated nuclear material was collected by centnfugation for 15 mm at 
5000 g The pellet was resuspended into a solution of 20 т м Tns-IICl, pH 7 2 , I M NaCl, 
7-5 т м MgClj and о 5 т м PMSF, firstly by swirling gcntlv, then by careful passage several 
times through a needle. Gentle procedures were necessarv when resuspending the high salt-
treated nuclear pellet, as disruption or mechanical distortion readily occurred. DNase I and 
RNase A (both electrophoretically pure, Sigma Corp ) were added to a concentration of 20 and 
10/ig/ml, respectively, and the suspension incubated at 30 0 C for 2 h. The final residual 
nuclear material was pelleted at 16000 g for 15 mm. 
27 
Residual structure in Physarum nuclei 49 
SDS-polyacrylamide gel electrophoresis and chemical determinations 
Pellet samples, suspended in 2-3 ml of distilled water, were precipitated by addition of T C A 
to 25 % and were then washed twice with 5 % TCA, once with acidified acetone and finally 
with acetone before solubilization in an electrophoresis sample buffer containing 6 M urea 
(Laemmh, 1970). Slab gel electrophoresis was carried out in the presence of SDS according 
to Laemmh (1970), but contained a linear gradient of 6 to 1 8 % Polyacrylamide. Molecular 
weight was determined in either 10 or 15 0 0 SDS-polyacrylamide gels using appropriate protein 
standards (Weber & Osborn, 1969). Physarum nuclear histones were isolated as described by 
Mohberg & Rusch (1971) and were prepared for electrophoresis by dialysis for 24 h against 
2 changes of electrophoresis sample buffer. 
Samples for chemical analysis were precipitated with ο 1 N PCA containing 23 % ethanol, 
extracted with ethanol'ether (3.1) at 70 CC for 5 mm, and then with о 5 Ν PCA at 70 0 С for 
70 mm. T h e remaining pellet was washed with PCA, then extracted with 1 м NaOH at too 0 C 
for io mm. Insoluble material was hydrolysed in 30 0 0 K O H at 100 "С for 30 min. T h e 
о s N PCA and alkaline extracts were analysed for hexose with anthrone (Weeks, 1954). The 
combined о $ N PCA extracts were analysed for total nucleotides by u.v. spectrophotometry 
and for DNA with diphenylamine (Burton & Peterson, 1957). Protein in the 1 м NaOH 
extract was determined by the method of Lowry, Rosebrough, Farr & Randall (1951). Because 
the nucleotide content of the nuclear residual material was barely at the level of chemical 
determination, the DNA and RNA contents were confirmed by isolating residual nuclear 
material from microplasmodia grown continuously in the presence of [s- 3H]undine and 
[2-1 1C]thymidine (both products of N E N ) . Corrections for the incorporation of tritium label 
into DNA and protein were made assuming the values given by Hall & Turnock (1976). 
Electron microscopy 
For whole-mount electron microscopy, 2θ-/ί1 samples of high salt-treated nuclei suspended 
either in 10 т м Tns-HCl, pH 7 2 or in 40 % glycerol, Tns-HCl, p H 7-2 were allowed to settle 
directly onto copper grids covered with carbon-coated Formvar, or material was picked up by 
such grids from a 5o-/tl droplet of the same sample placed on a flat piece of Teflon. T h e 
adherent nuclear material was then depleted of DNA m situ by floating the grids on a $ο-μ\ 
droplet of water containing 20 /ig/ml of DNase I and 7 s т м MgCl 2 for periods of up to 30 mm. 
Excess fluid was removed from the samples with filter paper and the preparation was dehydrated 
in a graded series of ethanol washes. Positive staining was carried out with 1 % phosphotungstic 
acid in the 50 % ethanol step for s mm. T h e samples were air-dried after a final step in pentane. 
The grids were examined with a Philips EM 201 electron microscope operating at 60 kV. 
RESULTS AND DISCUSSION 
Preparation and macromolecular composition of the residual nuclear structure 
I n t e r p h a s e nuclei f rom t h e Physarum p lasmodia were t reated wi th E D T A and 
N a C l to remove b o t h nucleoplasmic and chromat in prote ins and t h e result ing high 
salt-treated nuclear s t ructures ( termed high salt-treated nuclei t h r o u g h o u t t h e paper) 
were t h e n incubated in t h e presence of DNase,. R N a s e a n d 1 м N a C l to release 
remaining non-s t ructura l material . T h e final preparat ion, w h e n observed u n d e r t h e 
phase-contrast microscope, consisted of faint ghost-like s t ructures wi th d iameters 
slightly larger t h a n those of isolated nuclei . Omiss ion of t h e 1 м N a C l from t h e 
nuclease digestion resulted in highly condensed spherical s t ructures unsui table for 
further s t ructura l s tudies . 
T h e residual material was composed of 9 2 % prote in, 6 % carbohydrate, a b o u t 
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2 % DNA and ο·ι % RNA (Table ι). The recovery of nuclear proteins from the final 
fraction varied between 17 and 2 2 % over 8 preparations. 
Electron-microscopic studies 
The apparent fragility of the residual structure from the Physarum nuclei prevented 
the satisfactory spreading of material for whole-mount electron microscopy, and most 
attempts resulted in highly condensed and collapsed structures. As a consequence, we 
resorted to in situ DNase digestion of high salt-treated nuclei adhered to the Formvar 
support to obtain well-spread samples of the residual nuclear structures. The features 
seen in relatively well-spread residual structures and in in situ DNase-trcated high 
salt nuclei were similar. 
Table 1. Gross composition of nuclei, high salt-treated nuclei and 
residual nuclear structure 
High salt Residual nuclear structure 
Nuclei nuclei , --*- • * 
a a a b 
Protein 622 (45) 61-3 (10-3) 91-6 (1-3) 92-4 (10) 
DNA 2i4(3S) 230(6-7) 23 (i-s) ι·8 (10) 
RNA 154 (3-5) 47 (2-2) 04 (04) 01(01) 
Carbohydrate 11 (0-3) 9-2 (3-1) 57 (30) 5-7 (27) 
Values arc percentages of the total macromolecular composition with standard errors in 
parentheses, a, chemical determinations; b, chemical and radioisotopic determinations of the 
nucleotides. 
In general the electron micrographs of whole-mount preparations showed coherent 
frameworks of 3 prominent structural components known from mammalian cell 
nuclei (Comings & Okada, 1976; Mullcnders, 1979): a dense fibrous-globular matrix 
extending throughout the internal space of the nucleus and continuous with this, 
a more dense area at the site of the nucleolus (Fig. 1 А, в). The internal matrix was 
surrounded by a thin lamina containing residual nuclear pore structures. Occasionally 
large areas of the fibrous-globular lamina with associated annuii of the residual nuclear 
pores were exposed in disrupted nuclei (Fig. i c ) . The annuii showed outer diameters 
of about 100 nm and frequently contained central granules attached by fibrous stalks 
(Schel & Wanka, 1973). Nuclear membranes were not visible in these preparations, 
presumably due to the removal of lipid and soluble protein components during the 
isolation of the nuclei in the presence of Triton. 
Preparations of high salt-treated nuclei, not digested with DNase, showed large 
masses of thin threads associated with the residual nuclear structures. They probably 
consist of single and aggregated DNA molecules. Many of these DNase-sensitive 
strands emerged from the annular pore remnants (Fig. 1 D), supporting the supposition 
that nuclear pores provide binding sites for DNA (Schel & Wanka, 1973; Schel, 
Steenbergen, Bekers & Wanka, 1979). 
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Fig. 1. Whole-mount electron micrographs of residual nuclear structures. A, low-
magnification survey (bar = 1 /im) shows the internal nuclear matrix extending 
throughout the nuclear space and continuous with a fibrous remnant of the nucleolus 
(rn); в, higher-magnified area (bar = 100 nm) of A showing interconnecting fibrous and 
granular regions associated with annular remnants of the nuclear pores; r, fragments 
of the nuclear pore complex-lamina with large areas from which the internal matrix 
is detached (bar = 1 /'m). In the inset (bar = 100 nm) pore annuii with central 
granules; I), electron micrograph taken before the DNase treatment (bar = 100 nm). 
Numerous threads appear to emerge from the residual pore structures (arrow). 
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Gel electrophoresis of the nuclear proteins 
The protein composition of nuclei and the residual nuclear material was analysed 
by SDS Polyacrylamide gel electrophoresis. Fig. 2 shows that histones constitute 
the major class of proteins in isolated Physarum nuclei, although 2 of them have been 
largely lost to the Mg2 +-containmg isolation medium during the preparation 
(Mohberg & Rusch, 1970). 
The most prominent polypeptides of the residual nuclear structure were 2 bands of 
molecular weights 36500 and 23000 Daltons, respectively, and a minor band at about 
52000 Daltons was also present (Fig. 2, slot в). The significance of the 2 minor poly­
peptides with similarity in mobility to the histones is not yet clear. They might 
represent either marginal amounts of tightly bound histones or non-histone proteins 
whose electrophoretic mobilities fortuitously coincide with those of the histones. 
Standards a b c 
(mol. wt. χ 
930 
6 8 0 
6 0 0 
4 5 0 
4 0 0 
25-7 
18-5 
12-5 
Fig. 2. Electrophoretic patterns of nuclear proteins. A, isolated interphase nuclei; 
в, residual nuclear structures of interphase nuclei; c, total nuclear histone prepa­
rations. The apparent high molecular weight of 2 Physarum histones is an anomaly which 
may be observed during electrophoresis under neutral conditions. Gels were stained 
with Coomassie blue. 
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Between 30 and 40 less-significant polypeptides, the majority of which fall into 
various molecular weight classes of between 23000 and 115000 Daltons, were also 
visible. Repeated extraction of the residual structure with either 2 м NaCl or 
0-3 M MgCl2, or repetition of the isolation procedure of EDTA and NaCl washes had 
little effect on the polypeptide patterns observed and, significantly, there was little 
loss of the 2 major proteins during any of the steps of the isolation of residual 
structural material from the nuclei. Occasionally minor variations between preparations 
were observed (Mohberg & Rusch, 1971). 
Initial attempts, using the methods of Dwyer & Blobel (1976), to separate the 
nuclear lamina from the intranuclear components resulted in condensed nuclear 
Fig. 3. Densitometer tracings of electrophoretic patterns of residual nuclear and 
nucleolar proteins. Abscissa: migration distance in cm; ordinate: relative O.D. units. 
A, high salt-treated nuclei; B, residual nuclear structures; C, residual nucleolar struc­
tures obtained in the same way as residual nuclear structures. Coomassie blue-stained 
gels were scanned at 580-620 nm. Numbeis refer to the molecular weight ( χ ю - 3 ) 
of the principal residual polypeptides. Η identifies polypeptides with mobilities of 
Physarum histones. 
structures, which in electron-microscopic preparations retained the internal protein 
matrix. The preparations displayed polypeptide patterns similar to the pattern shown 
by high salt-treated nuclei. 
The polypeptide patterns of high salt-treated nuclei and residual nuclear structures 
were similar, except that several minor polypeptides of 59000 and 55000 Daltons 
molecular weight and residual histones were solubilized during the digestion of the 
high salt nuclear material with DNase I and RNase A (Fig. 3 A and B). The loss of 
17 C E L 3 9 
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histones from the high salt-treated nuclei correlates with the solubilization of most of 
the remaining DNA and RNA (Table i). In a further attempt to subfractionate 
the residual nuclear structure, nucleoli were isolated from Physarum and were then 
treated in the same manner as for the preparation of residual nuclear structures. The 
2 major polypeptides of the residual nuclear structures were also amongst the most 
prominent polypeptides in these preparations (Fig. 3 C). These observations are 
consistent with the observations made on whole-mount electron-microscopic prepa­
rations, and strongly suggest that the major polypeptides of the nuclear structures 
may contribute to the composition of a fibrous structural material which is common 
both to the matrix of the intranuclear space and to a nucleolar matrix (Berczney & 
Coffey, 1976). The complex fibrous, globular and annular structures seen in the 
electron-microscopic structures of eukaryotes must be composed of arrays of the 
relatively few polypeptides. 
Although we have not further identified the residual nuclear polypeptides, the 
electrophoretic mobilities of the 2 major proteins indicate that they do not correspond 
to any of the familiar proteins such as tubulin, actin, or myosin which have themselves 
been isolated from Physarum nuclei (Jockusch, Ryser & Bchnke, 1973 ; Le Stourgeon, 
Totten & Forer, 1974; Le Stourgeon et al. 1975). Several of the minor proteins of the 
nuclear structures may correspond to such proteins; for example, /?-tubuIm 
(52000 Daltons) may be present as a prominent minor component (Fig. 3.B). 
However, we cannot exclude the possibility that the similarity in mobilities may 
be simply fortuitous. 
Preliminary studies of the residual nuclear structures at times throughout the 
mitotic cycle show little quantitative difference between electrophoretic patterns of 
the polypeptides (manuscript in preparation). In addition, extensive studies by 
Le Stourgeon and colleagues (Le Stourgeon & Rusch, 1973; Le Stourgeon, Nations 
& Rusch, 1973; Le Stourgeon et al. 1974) on changes in the patterns of Physarum 
nuclear acidic proteins during conditions of chromatin quiescence and activation 
induced by starvation and refeeding demonstrate that 2 nuclear acidic proteins of 37000 
and approximately 23 000 Daltons undergo little quantitative variation during changes 
in the cell state. These observations suggest that the major elements of Physarum 
residual nuclear structure may be conserved during greatly differing statesof chromatin 
activity. 
The nuclear protein matrix and lamina of higher eukaryotes are believed to main­
tain the structure and organization of the nucleus (Berezney & Coffey, 1975, 1976; 
Herían & Wunderlich, 1976), and to mediate the spatial ordering and processing of 
replicative and non-replicative DNA during replication and mitosis (Berezney & 
Coffey, 1976; Wanka et al. 1977; Mullenders, 1979; Cook, Brazell & Jost, 1976). 
Preliminary data on Physarum also indicate an association of the replicative DNA with 
components of the nuclear structural framework (Wanka & Mitchclson, 1979), 
suggesting that it plays a similar important role in all eukaryotes. 
The great differences in composition and molecular weights of the structural 
proteins of Physarum, higher eukaryotes and macronuclei of Tetrahymena are 
unexpected if one considers the ultrastructural similarities. The question arises 
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w h e t h e r t h e differences are fortuitous or w h e t h e r they are related to functional 
differences, such as t h e type of nuclear division which occurs by closed mitosis, open 
mitosis and amitosis in Physarum, higher eukaryotcs, and Tetrahymena macronuclei , 
respectively. 
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We have investigated the ultrastructural changes of the nuclear matrix in nuclei of Phy sarum 
polvcephalum during the mitotic cycle. Thin sections of high-salt and DNase-extracted nuclei 
reveal a residual nuclear structure consisting of the lamina and nuclear pore complexes, an internal 
fibnllogranular matrix, and the residual nucleolus The lamina remains present until anaphase. 
The internal matrix is attached to the lamina in interphase but becomes separated from it in 
prophase. As prophase progresses, the residual nucleolus moves to the periphery of the structure 
and disintegrates The internal matrix condenses and lakes a more central position in the structure. 
Its distribution during mitosis follows the known movements of the chromosomes of nuclei in 
fixed Plasmodia DNase labile threads are continuously attached to the matrix. The results suggest 
that the internal matrix serves as a carrier of the chromosomal DNA comparable to the function 
of the chromosomal scaffold of higher eucaryotes. 
Recent studies have revealed the exis-
tence of a residual protein structure in nu-
clei which are deprived of chromatin: the 
nuclear protein matrix. This structure can 
be obtained from various cell types by 
treatment of isolated nuclei with high-salt 
concentrations and RNA and DNA degrad-
ing enzymes (Berezney and Coffey, 1974, 
1977; Comings and Okada, 1976; Herían 
and Wunderlich, 1976: Mitchelson et al., 
1979). It consists of three morphologically 
distinct components, a peripheral lamina 
with residual nuclear pore complexes, a fi-
brillogranular internal matrix, and rem-
nants of the nucleolus. Prior to the DNase 
digestion, considerable amounts of DNA 
are attached to the high-salt-resistant struc-
ture. For this and other reasons, it has been 
suggested that the structure plays an im-
portant role in the spatial organization of 
the nuclear DNA (Berezney and Coffey, 
1975; Wanka et al., 1977; Wanka and 
Mitchelson, 1979; Dijkwel et al., 1979, Par-
doll et al., 1980). 
How the residual protein structure is re-
lated to the chromosomal scaffold is an in-
triguing question (Paulson and Laemmli, 
1977). From the data now available it seems 
that at least some of the proteins of the re-
sidual structure, possibly those of the in-
ternal matrix, are present in chromosomal 
scaffolds (Adolph et al., 1977; Adolph, 
1980a), while the proteins of the lamina are 
solubilized during mitosis (Ely et al., 1978; 
Gerace et al., 1978; Gerace and Blobel, 
1980; Stick and Hausen, 1980). 
An ultrastructural analysis of the nuclear 
protein matrix during mitosis in higher eu-
caryotes is impeded by the failure to isolate 
mitotic nuclei. We have therefore carried 
out such an analysis with nuclei of Physa-
rum polycephalum, which can be isolated 
up to late anaphase (Mohberg and Rusch, 
1971). Our results indicate that the internal 
matrix is not a rigid structure but is trans-
formed into chromosomal scaffold-like 
structures during mitosis. 
MATERIALS AND METHODS 
Isolation of nuclei and residual protein structures. 
Microplasmodia of Physarum polycephalum. strain 
MjC IV, were grown as described by Daniel and Bald-
win (1964) Synchronous macroplasmodia were pre-
pared and stages of the nuclear cycle were determined 
as described by Schel and Wanka (1973) The average 
duration of the mitotic cycle between the second and 
third mitosis after fusion was 7 6 hr for Plasmodia 
grown at 2TC. 
Nuclei were isolated, with minor modifications, ac-
cording to the methods of Mohberg and Rusch (1971). 
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Residual protein •itructures were obtained as described 
previously for interphase nuclei (Mitchelson et al, 
1979) Briefly, nuclei were released into a buffered su­
crose soluhon containing 0.\% Triton X-100, 5 mM 
MgCI2, and 0 5 mM phenylmethylsulfonylfluonde 
(PMSF), and were purified and collected by filtration 
and centnfugation Before extraction with 2.5 M 
NaCI, the nuclei were expanded in two successive ex­
tractions with 10 mVf fcDTA These high-salt-treated 
nuclear structures were incubated in the presence of 
50μ^ΓηΙ RNase A and l(X^g/m! DNase I (both elec-
trophoretically pure, Sigma Corp.), 0 5 mM PMSF, 
and 1 M NaCI for 30 mm at 37°C The resulting resid­
ual protein structures were collected by centnfugation 
at 10 000 » for 15 mm. 
Electron microscopy. For whole mount electron 
microscopy, 20-μΙ samples of the residual protein 
structures suspended in 25 mM Tns-HCl, pH 7.2, and 
1 ,W NaCI were allowed to settle directly onto copper 
grids covered with carbon-coaled Formvar. The prep­
arations were positively stained with № phospho-
tungstic acid for 5 min and dehydrated in a graded 
series of ethanol washes as described previously 
(Mitchelson et al., 1979) 
For ultiathin sectioning, the residual protein struc­
tures with or without DNA were fixed for 30 mm at 
4°C with 3% glutaraldehyde in 0.1 M Na-cacodylate, 
pH 7 2, and washed twice with the buffer. The mate­
rial was postfixed in \% OsO, in the same buffer for 
1 hr at ^ C , washed once with the buffer, dehydrated 
stepwise in ethanol and propylene oxide, and embed­
ded in F.pon Ultrathm sections were stained with ura-
nyl acetate and lead citrate 
The preparations were examined in a Philips EM 
201 operating at 60 kV. 
RESULTS 
Interphase 
In a previous study (Mitchelson et al., 
1979) we have reported the isolation of a 
residual protein structure from interphase 
nuclei of Physarum polycephalum by treat­
ment with high-salt concentrations and nu­
cleases. Whole mount electron micro­
graphs of the residual protein structures 
show three prominent structural compo­
nents: a thin lamina containing residual nu­
clear pore complexes with an outer diam­
eter of 100 nm, a fibrillogranular internal 
nuclear matrix, and continuous with this, 
electron-dense remnants of the nucleolus in 
the center of the structure (Mitchelson et 
al., 1979). 
Thin sections of the residual protein 
structures from interphase nuclei reveal the 
same components (Figs. 1 and 2). The di­
ameter of the residual protein structures as 
observed in thin sections is about 3-4 μηη, 
which is in good agreement with the diam­
eter of nuclei in fixed Plasmodia (Guttes et 
al., 1968; Lord et al., 1977). The diameter 
of unfixed nuclei as observed by phase con­
trast microscopy and of replicas of isolated 
nuclei is somewhat larger (Schei et al., 
1978). In contrast, whole mount electron 
micrographs reveal well-spread residual 
protein structures with a diameter up to 12 
μπ\ (Mitchelson el al., 1979). The differ­
ence is due to deformations inherent to the 
whole mount preparation technique. 
The lamina is 30-40 nm thick (Figs. 1 and 
2). in contrast to the lamina of mammalian 
cells for which a ihickness of 15 nm has 
been reported (Dwyer and Blobel, 1976). 
Residual pore complexes are hardly rec­
ognizable in thin sections of Physarum re­
sidual protein structures, probably because 
of the greater thickness of the lamina. 
The fibrillogranular internal matrix ap­
pears to be closely associated with the lam­
ina and becomes less abundant toward the 
center of the structure. It has only a few 
connections to the centrally located resid­
ual nucleolus (Figs. 1 and 2), in contrast to 
what might be inferred from whole mount 
electron micrographs (Mitchelson et al., 
1979). In DNase-digested material the fi­
bers of the internal matrix show highly vari­
able diameters with an average of about 30 
nm (Fig. I). 
Thin sections of undigested material 
show, in addition, large amounts of thin 
threads up to 10 nm (Fig. 2; see also Figs. 
3 and 6). They obviously represent DNA 
fibers aggregated to a variable extent. The 
presence of noticeable amounts of protein 
in these threads is unlikely since the re­
moval of more than 99% of the DNA by 
DNase caused no loss of labeled protein 
(unpublished results). The threads are par­
ticularly abundant in the peripheral zone of 
the residual protein structure and spread 
out of the membrane-depleted residual nu-
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deus (Fig 2) Except for the disappearance 
of the thin fibers, the image of the structure 
does not change after the DNase treatment 
This has been reported already for m situ 
DNase treatment of material adhered to the 
Formvai supports (Mitchelson et al , 
1979) 
The ultrastructure of the residual protein 
structures was the same at various stages 
of the interphase, but underwent character­
istic morphological changes during mitosis 
Mitosis 
In early prophase of Ph\sarum polyceph-
alum the nucleolus moves to the periphery 
of the nucleus and starts to disperse as pro­
phase progresses (Guttes et al , 1968, Lord 
et al , 1977) Thin sections of the residual 
protein structures isolated from nuclei at 
this stage also show a peripheral localiza­
tion of the residual nucleolus, which soon 
starts to break up into pieces (Figs 3 and 
4) An unchanged lamina can be seen, while 
the internal matrix has been displaced par 
tially to the area not occupied by the resid 
ual nucleolus (Figs 3 and 4) This is in 
agreement with the distribution of the chro­
matin observed in thin sections of prophase 
nuclei in fixed plasmodia (Guttes et al , 
1968. I ord et al , 1977) The internal ma­
trix is largely separated fiom the residual 
nucleolus by a zone free of electron-dense 
structuies In conti ast to the situation in 
residual protein structures from interphase 
nuclei, a similar light zone now also sepa­
rates the internal matrix from the lamina 
(Figs 3 and 4) Initially, this zone also ex­
tends between the lamina and the residual 
nucleolus (Fig 4), but at later stages of pro­
phase and prometaphase the fragments of 
the residual nucleolus become partially ap-
pressed to the lamina (Figs 3 and 6) 
With the progress of mitosis the fibers of 
the internal matrix become folded up into 
denser structures which take a more central 
position (Fig 6) This condensation of the 
internal matrix is more pronounced after 
DNase digestion (Fig 8) 
The distribution of the DNase-sensitive 
threads follows in great lines the localiza­
tion of the internal matrix They can clearly 
be seen to emerge from the matrix, but ap­
pear to avoid the fragments of disintegrat­
ing residual nucleoli (Figs 3, 6, and 7) lo­
cated at the periphery of the structure 
H G I Thin section of a residual protein structure of an interphase nucleus extracted with high salt and 
nucleases The fìbnllogranular internal matrix (M) is continuous with the lamina (I ) and lo a lesser extent, 
with the centrally located residual nucleolus (rN) χ 31 000 
FK. 2 Thin section of a high salt resistant structure of an interphase nucleus not digested with DNase 
The microgiaph shows in addition to the structure seen in Fig 1 large amounts of thin threads (D) spreading 
through the nuclear space and also on the outside of the lamina (L) χ 42 000 
Fio 3 Thin section of л high salt resistant structure of a prophase nucleus, not digested with DNase The 
residual nucleolus (rN) is disintegrated and some fragments are appressed to the lamina (L) A light zone (LZ) 
separates the internal matrix (M) from the lamina DNase sensitive threads (D) are associated with the matrix, 
bu* appear to avoid the fragments of the disintegrating nucleolus (rN) χ 40400 
FIG 4 Thin section of a high salt and DNase extracted early prophase nucleus Note the changed position 
of the residual nucleolus (rN) and internal matrix (M) and the light zone (LZ) which separates the two com 
ponents from each other and from the lamina (L) Thin threads are absent after the DNase digestion χ 17 400 
Fie 5 Whole mount electron micrograph of a prophase residual protein structure treated with nucleases 
A fibrous network with only minor electron dense structures representing fragments of the residual nucleolus 
and the internal matrix is visible Annuii of residual pore complexes (P) are visible throughout the whole net 
work χ 9700 
Flos 6 AND 7 Thin sections of a high salt resistant structure of a late prophase nucleus not digested with 
DNase Thin threads (D) emerge from the internal matrix (M) which is now concentrated in the center of the 
structure The fibers of the internal matrix (M) are folded up into denser structures The residual nucleolus (rN) 
is highly fragmented and the fragments are locally in contact with the lamina (L) Fig 6, χ 37 000 Fig 7, 
χ 51000 
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Whole mount preparations obtained from 
residual prophase nuclei show a fibrous net­
work which misses the centrally located 
dense structure of the residual nucleolus 
(Fig 5) present in the interphase (Mitchel-
son et al , 1979) Only minor electron-
dense structures representing fragments of 
the residual nucleolus and the internal ma­
trix can be recognized The diameter of the 
whole mount preparations is two to three 
times larger than that of thin sections Thus 
the lamina must have been strongly ex­
panded or disrupted during the preparation 
and is therefore poorly visible, except for 
the annular residues of the nuclear pore 
complexes (Fig 5) 
The analysis of the residual protein struc­
ture from nuclei isolated at meta- and ana­
phase meets considerable difficulties It 
requires a suitable orientation of the prepa­
rations, particularly in thin sections In 
anaphase the matrix material is arranged in 
two planes with only minor connections 
with the surrounding lamina (Figs 9 and 
10) DNase-sensitive threads are associated 
with the two masses of the internal matrix 
and spread out through the entire nuclear 
space and a small zone outside of the lam­
ina (Fig 10) These thin threads are curved 
around some small electron dense struc­
tures which obviously represent nucleolar 
remnants The lamina has the same ap­
pearance as in interphase nuclear struc­
tures (Figs 9 and 10) The organization of 
the entire structure appears to be less reg­
ular than that known of anaphase nuclei in 
thin sections of plasmodia (Guttes et al , 
1968, Ryser, 1970, Lord et al , 1977) This 
is especially true for the matrix material 
which undergoes a further rearrangement 
by the DNase treatment Such DNase-di-
gested nuclear residues show irregular 
dense masses of the internal matrix and 
fragments of the residual nucleolus com­
parable to those shown in Fig 8 
Whole mount electron micrographs of re­
sidual protein structures from anaphase nu­
clei also show an accumulation of the ma­
trix material in two planes, suggesting that 
they originate from the chromosomes being 
on their way to the spindle poles (Fig 11) 
Treatment with DNase causes a collapse of 
the fibrillar structural component (Fig 12) 
Whole mounts are usually protracted and 
show, in between the two groups of matrix 
material, a less electron-dense mass (Fig 
12) which may represent the central body 
described in ana- and telophase nuclei by 
Guttes et al (1968) 
We have not succeeded in isolating resid­
ual protein structures from telophase nu­
clei This may be due to the disintegration 
of the parental nuclear envelope in late ana­
phase (Guttes et al , 1968, Ryser, 1970, 
Lord et al , 1977) The newly formed 
daughter nuclei could not be isolated earlier 
than 10 to 20 mm after metaphase The di­
ameter of these structures is much less than 
for interphase and mitotic residual protein 
structures (Fig 13) They show the residual 
prenucleolar bodies which are known to 
fuse into a central nucleolus (Guttes et al , 
1968, Lord et al , 1977) A complete lamina 
is present at this time of the nuclear cycle 
and the internal matrix shows the mor­
phology described for interphase residual 
protein structures (Fig 13) 
DISCUSSION 
Studies on the nuclear protein matrix 
during mitosis require the isolation of mitot­
ic nuclei This is impracticable in higher 
eucaryotes as a consequence of the open 
mitosis Physarum nuclei, however, can be 
FIG 8 Thin section of a high salt and nuclease extracted residual structure of a mitotic nucleus The internal 
matrix (M) consists of coarse and irregular aggregates The lamina (L) is completely present A precise esti 
mation of the mitotic stage is not possible χ 21 000 
FIGS 9 AND 10 Thin sections of high salt resistant structures of anaphase nuclei, not digested with DNase 
The internal matrix (M) appears condensed in two planes Thin DNase sensitive threads (D) emerge from the 
two matrix masses and spread oui through the entire nuclear space and a small zone outside of the lamina (L) 
Fig 9 χ 19600 Fig 10, χ 14000 
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isolated during mitosis up to late anaphase 
(Mohberg and Rusch, 1971), when the pa-
rental nuclear envelope starts to disinte-
grate (Guttes et al., 1968; Ryser, 1970; 
Goodman, 1980). The presence of an intact 
lamina seems to be adequate for the isola-
tion of nuclei, since the nuclear membranes 
are disrupted by the Triton X-100-contain-
ing isolation medium. 
In the interphase the nuclear protein ma-
trix from Physarum shows the general or-
ganization known from other eucaryotes 
(Berezney and Coffey, 1974, 1977; Comings 
and Okada, 1976; Herían and Wunderlich, 
1976): a residual nucleolus, an internal ma-
trix and a residual nuclear envelope con-
sisting of the lamina with residual nuclear 
pore complexes. The lamina is clearly vis-
ible in thin sections but poorly in whole 
mount preparations (Mitchelson et al., 
1979). An extreme plasticity of the lamina 
is indicated by the strong increase of the 
diameter of the residual protein structure 
observed in whole mount electron micro-
graphs. The flexibility of the lamina and of 
the internal matrix from interphase nuclei 
seems to be a general phenomenon. Resid-
ual nuclear structures prepared from HeLa 
cells during different times of the inter-
phase show marked morphological changes 
(Riley and Keller, 1978). Wunderlich and 
Herían (1977) reported the expansion and 
contraction of the nuclear matrices from 
Tetrahymena macronuclei by varying the 
concentration of divalent cations. These 
matrices also show morphological refor-
mations during drug-induced nuclear reor-
ganization (Herían et al., 1978). 
The plasticity of the lamina of Physarum 
residual protein structures may be of im-
portance for the elongation of the nucleus 
during mitosis (Guttes et al., 1968; Lord et 
al, 1977; Goodman, 1980). The elongated 
shape of the mitotic nucleus is probably a 
consequence of the development and func-
tion of the spindle and is lost during the 
isolation and the salt treatment of the nu-
clei. Residual nuclear pore complexes are 
poorly recognizable in thin sections but 
clearly in whole mount preparat ions 
(Mitchelson et al., 1979). In contrast to the 
apparent flexibility of the lamina, the resid-
ual pore complexes seem to be very rigid 
as indicated by a remarkably constant di-
ameter at various preparation procedures 
(Schel and Wanka, 1973; Schei et al., 1978; 
Mitchelson et al., 1979). 
In mitotic nuclei of Physarum polyceph-
alum the nuclear protein matrix becomes a 
highly dynamic structure, undergoing rear-
rangements and movements which closely 
resemble those of the chromatin and chro-
mosomes in nuclei of fixed Plasmodia 
(Guttes et al., 1968; Ryser, 1970; Lord et 
al., 1977). The continuity of the internal 
matrix with the lamina is lost in the pro-
phase. This separation is obviously re-
quired for the translocation of the nucleolus 
and at least part of the chromatin. The 
movements are supposed to be caused by 
microtubuli which emanate from a center 
called the " tubule organizing region" 
(Blessing, 1972) or "spindle primordium" 
(Sakai and Shigenaga, 1972). Probably the 
matrix plays a passive role in the mitotic 
chromosome movements. It rather serves 
as a vehicle for the chromatin as indicated 
by the attachment of DNA at all mitotic 
stages. It may be reasonably assumed that 
the condensed internal matrix seen in mi-
FIG. 11. Whole mount electron micrograph of a high-salt-resistant structure of an anaphase nucleus. Fibrous 
matrix material is condensed in two planes from which DNase-sensitive threads (D) emerge, χ 12 600. 
FIG. 12. Whole mount electron micrograph of a high-salt-resistant structure digested with DNase. The 
matrix fibers seen in Fig. 11 are collapsed and the thin threads are absent. Slightly dense material (X) is present 
in the center. Note the protracted shape of the structure and the presence of annuii of residual nuclear pore 
complexes (Ρ), χ 6700. 
FIG. 13. Thin section of a nuclease-treated residual protein structure isolated 10-20 min after metaphase. 
Residual prenucleolar bodies (rN) are present, as well as a complete lamina (L) and the fibrillogranular internal 
matrix (Μ), χ 19600. 
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tosis is functionally related to the chromo­
somal scaffolds of higher eucaryotes (Paul­
son and Laemmli, 1977). Unfortunately 
their small sizes and great numbers (Moh-
berg et cd , 1973) make it difficult to identify 
individual chromosomes and chromosomal 
scaffolds in the mitotic nuclei of Phxsarum. 
The scaffold proteins are supposed to be 
involved in the folding up of the chromatin 
fibers into the characteristic chromosomal 
structure (Paulson and Laemmli, 1977, 
Marsden and Laemmli, 1979; Adolph, 
1980b). This must include the complete un­
winding and sorting out of the two identical 
chromatin fibers which are the result of the 
DNA replication. The process might there­
fore start as early as in S phase and involve 
an additional binding of the DNA at the rep­
lication site (Dijkwel et al., 1979). Such a 
temporal binding of the replicating DNA to 
the nuclear protein matrix has been report­
ed repeatedly (Berezney and Coffey, 1975; 
Wanka et al , 1977; Wanka and Mitchel-
son, 1979). The binding site seems to be 
located at the internal matrix (Shaper et al., 
1979; Pardoll et ai, 1980) There are indi­
cations, however, that binding of DNA in 
interphase nuclei of Phvsarum might also 
occur on the lamina or the annuii of the 
nuclear pore complexes (Schel and Wanka, 
1973; Wille and Steffens, 1979). This pos­
sibility deserves further investigations. 
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IV. ULTRASTRUCTURAL ANALYSIS OF THE ATTACHMENT OF DNA TO THE 
NUCLEAR MATRIX IN MAMMALIAN CELL NUCLEI 
INTRODUCTION 
Nuclear DNA is attached to a residual nuclear protein structure, 
resistant to 2 M NaCl and apolar detergents, called the nuclear 
matrix (Berezney and Coffey,1975; Wanka et al ,1977 ; Dijkwel et al, 
1979; Mitchelson et al,1979; Wanka and Mitchelson,1979 ; Pardoll 
et aZ,1980,· Vogelstein et aZ,1980; Berezney and Buchholtz, 1981 ) . 
The matrix consists of the lamina which interconnects the nuclear 
pore-complexes, the residual nucleolus and the internal matrix 
(Berezney and Coffey,1974; Herían and Wunderlich,1976 ; Berezney 
and Coffey,1977; Mitchelson et al,1979; Shaper et al,1979; Bekers 
et al,1981; Kaufmann et ai,1981). The binding of DNA occurs at 
the replication forks and at additional binding sites, possibly 
the origins of replication (Wanka et al,1911; Dijkwel et al ,1979; 
Wanka and Mitchelson,1979 ; Pardoll et αΖ,1980; Vogelstein et al, 
1980; Berezney and Buchholtz,1981 ; Hunt and Vogelstein,1981) . 
The attachment sites of DNA to the nuclear matrix are not clear. 
Several authors have found evidence for the binding of DNA to the 
nuclear envelope (Hanania and Harel,1973; Crabb et al,19Ъ0), 
possibly the pore-complexes (Schel and Wanka,1973). The specific 
way of attachment of DNA to the nuclear matrix may be important 
for the proper separation of the two daughter molecules resulting 
from DNA replication (Dingman,1974; Dijkwel et al,1979). 
In this investigation we have further analysed, by graded DNase 
digestion and electron microscopy, DNA attachment to the residual 
DNA-matrix complex obtained by 2 M NaCl treatment. 
MATERIALS AND METHODS 
Cell culture and -Lsolation of nuclei 
Monolayer cultures of bovine liver cells were grown in Roux 
bottles as described previously (Pieck,1971), except that a serum 
concentration of 10% was used in the growth medium. The preparation 
of large quantities of highly purified nuclear lysates was carried 
out with a slight modification of the original procedure (Wanka 
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et ai,1977). Phenylmethylsulfonylfluoride (PMSF) was included in 
all the buffers used for nuclear isolation, nuclear lysis and 
DNase digestion studies to prevent degradation of proteins in 
order to maintain intact residual nuclear structures (Berezney, 
1979). The cell monolayer of 1 Roux bottle in exponential growth 
Q 
phase (approximately 2x10 cells) was briefly rinsed with Triton-
Tris (0.1% Triton-X-100 in 5 mM Tris-HCl buffer, pH 8, and 0.5 mM 
PMSF) at room temperature. The cells were removed from the glass-
surf ase by shaking the Roux bottles with 20 ml Triton-Tris. The 
homogenate was centrifuged for 2 min. at 100 g. The crude nuclear 
sediment was resuspended in 8 ml Triton-Tris and the suspension 
was forced 5 times through a hypodermic needle of 0.7 iran diameter. 
17 ml Triton-Tris was then added and the centrifugation was 
repeated. The nuclear sediment was resuspended in Triton-Tris and 
a second homogenization took place by forcing the suspension 
3 times through a needle of 0.4 mm diameter. The final nuclear 
preparation was free of cytoplasmic contamination as judged by 
phase-contrast microscopy and electron microscopy. 
Isolation of the high-salt-resistant пиаЪеат residues 
The nuclear sediment was wahsed once in 50 mM Tris-HCl buffer, 
pH 8, with PMSF, dispersed thoroughly in 15 ml buffer, mixed with 
an equal volume of 4 M NaCl solution and incubated at room 
temperature for 15 min. DNase I(Sigma, electrophoretically pure) 
and 7.5 mM MgCl^ were added and the lysate was incubated at 37 С 
for 30 min. The incubation was stopped by adding 30 ml ice-cold 
2 M NaCl in Tris buffer. The suspension was centrifuged in a 
Sorvall RC-5 centrifuge with a HB 4 rotor for 20 min. at 10.000 g 
and 15 C. The sediment was thouroughly washed with 30 ml of a 
2 M NaCl solution in Tris-PMSF buffer and the centrifugation was 
repeated. 
Eleotron mioroscopy 
The isolated nuclei and the high-salt-resistant nuclear residues 
were fixed with 3% glutaraldehyde in 0.1 M Na-cacodylate (pH 7.2) 
for 30 min. at 4 С and postfixed with 1% OsO. in the same buffer 
for 60 min. at 4 С. After washing the material in the buffer, it 
was dehydrated in a graded ethanol series and propylene oxide and 
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embedded in Epon. Ultrathin sections were cut with glass-knives 
on a Servali UltraMicrotome MT 5000 and stained with uranyl 
acetate and lead citrate. 
For whole mount preparations the washed high-salt-resistant 
nuclear residues were carefully resuspended in a small volume of 
50 mM Tris buffer. 20 μΐ drops of the suspension were placed on 
a flat piece of Teflon, the material was adsorbed onto Formvar-
carbon-coated copper grids and the excess of fluid was removed 
with filter-paper. The preparation was dehydrated in a graded 
ethanol series and air-dried from a final step in methyl-butane. 
Staining was for 5 min. with 1% phosphotungstic acid (PTA) in the 
50% ethanol step. 
For spreading of the DNA a modification of the Kleinschmidt 
technique was adopted (Paulson and Laemmli,1977). 20 yl of a 
solution of cytochrome с (lmg/ml) and 5 M NH.-acetate, pH 6.5, 
were carefully mixed with 200 μΐ Tris buffer containing the 
nuclear residues and the mixture was spread on a 0.125 M NH.-
acetate hypophase. The surface film was picked up on Formvar-
carbon-coated copper grids and stained for 5 min. with 1% PTA in 
70% ethanol. The preparations were then dehydrated as above and 
rotary-shadowed with platinum from an angle of 8 . The electron 
micrographs were taken with a Philips EM 201 operating at 60 kV. 
Polyaorylamide gel electrophoresis 
Protein containing samples were washed with TCA, acidified 
acetone and finally with acetone (Mitchelson et al,1979) before 
solving it in sample buffer (Laemmli,1970) containing 6 M urea. 
Slab gel electrophoresis was carried out in the presence of 
sodium dodecyl sulphate (SDS) according to Laemmli (1970), using 
a linear gradient of 6 to 18% Polyacrylamide. The gels were 
stained with Coomassie blue. 
RESULTS 
Nuclei isolated from cultured bovine liver cells lose 80 to 90% 
of their proteins in 2 M NaCl, but can retain almost 90% of the 
DNA under the same conditions (Wanka et aî,1977; Dijkwel et al, 
1979; Mullenders,1979). Phase-contrast microscopic observations 
52 
10 15 
DIAMETER IN AJM 
Fig. 1. Diameter distribution of isolated nuclei (a), high-
salt-resistant nuclear residues (b) and DNA-depleted nuclear 
residues (c), measured with a Zeiss Photomicroscope III equiped 
with a phase-contrast device. 
of the high-salt-extracted nuclei reveal ghost-like structures 
with slightly increased diameters as compared to untreated nuclei 
(Fig. la and lb). Staining with ethidium bromide results in a 
bright fluorescence of the ghosts and of an additional zone around 
it, comparable to the pictures shown by Vogelstein et al (1980). 
DNase treatment strongly diminishes the fluorescence after 
ethidium bromide staining and causes a decrease of the average 
diameter by about 20% as measured with the phase-contrast 
microscope (Fig. 1c). 
Gel eleatrophoresis 
The polypeptide composition of the high-salt-extracted bovine 
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liver nuclei is comparable to that known of nuclear matrices of 
other mammalian cells (Berezney and Coffey,1974 ; Berezney and 
Coffey,1977 ; Shaper et al,1979). Figure 2 shows the polypeptide 
patterns obtained by Polyacrylamide gel electrophoresis. Slot A 
reveals the polypeptide pattern of the nuclear proteins which 
become dissociated in the presence of 2 M NaCl. Slot В shows the 
pattern of the high-salt-resistant nuclear residues. This material 
is consistently composed of seven polypeptide bands. The bands 
6 and 7 usually appeared as doubles. The bands 1, 3 and 4 were 
enriched as compared to the supernatant proteins in slot A, other 
bands were present in the high-salt-resistant nuclear residues 
only. Of these, the bands 2 and 6 were always markedly stronger 
thgn the others. A few weak bands were found less reproducible. 
They may, at least in part, represent minor contaminations. 
Molecular weights of the polypeptides 1 to 7 as determined by the 
method of Weber and Osborn (1969) were 105, 71.5, 68, 66, 64, 61 
and 58 kiloDaltons respectively. Slot С shows the polypeptide 
pattern of the residual nuclei deprived of DNA by DNase digestion. 
A B C 
Fig. 2. SDS-polyacrylamide gel 
electrophoresis of high-salt-resistant 
nuclear residues. The nuclear lysate 
was centrifuged for 20 min. at lO.OOOg 
and the sediment was used for 
electrophoresis. Slots В and С are 
patterns of high-salt-resistant 
structures without and with DNase 
treatment (20 U/ml), respectively. 
Slot A is a pattern of the supernatant 
proteins of the salt lysate after the 
removal of the nuclear residues by 
centrifugation. Numbers 1 to 7 
indicate the polypeptide bands which 
were found in the residual structures; 
68 indicates the position of a bovine 
serum albumine marker (M.W. 68.000); 
HI to H4 are the histones. 
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The intensities of all seven bands were about equally reduced and 
there was no loss of specific individual polypeptides. This 
suggests that all these polypeptides are components of the matrix-
like nuclear residues. 
Electron microscopy 
The complete removal of cytoplasmic contamination from 
detergent-isolated nuclei was controlled by phase-contrast and 
electron microscopy. Figure 3 shows an electron micrograph of a 
thin sectioned, isolated nucleus. The absence of both the 
membranes of the nuclear envelope and of cytoplasmic contamination 
is clear (Fig. 4). The nucleus is surrounded by a 15-20 nm 
electron dense lamina, which encloses a homogeneous nucleoplasm 
without a morphologically identifiable nucleolus (Figs. 3 and 4). 
The structure of the nuclei is considerably changed after the 
high-salt treatment. 
Electron micrographs of thin sections of the high-salt-resistant 
nuclear residues revealed a marked resemblance with the nuclear 
matrix (Berezney and Coffey,1974 ; Berezney and Coffey,1977 ; Shaper 
et al,1979; Agutter and Richardson,19 80 ; Shaper et ai,1981), 
except for an abundance of 3-5 nm thin threads in and around the 
structure (Figs. 5 and 6). The nuclear residue is confined by the 
lamina, which has a diameter of 15-20 nm in cross sections and is 
extensively folded (Figs. 5 and 6). This folding is less 
pronounced in isolated nuclei (Fig. 3) and is also absent after 
DNA-depletion of the high-salt-resistant nuclear residues (see 
below, Fig. 12). The folding is obviously due to rearrangements 
of the structure after fixation and dehydration and is accompanied 
by a 40% decrease of the diameter of the nuclear residues as 
compared to the phase-contrast measurements (Fig. lb). The annuii 
of the residual pore-complexes are difficult to recognize in 
cross sections but are clearly visible m tangential sections 
(Fig. 6) (outer diameter 100 nm). The internal matrix is composed 
of finely dispersed material which, m three dimensional 
reconstruction of serial sections, appears to consist of 
interlaced fibers of irregular thickness. The internal matrix is 
continuous with the lamina and the peripheral parts of the 
internal matrix are visible as electron dense material at the 
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inside of the lamina (Figs. 5 and 6). Some thin sections show 
areas of more compact electron dense masses, composed of clusters 
of granules of 20-50 nm diameter (Fig. 6). These most likely 
represent clusters of the interchromatinic granules as described 
by Berezney and Coffey (1977), although it can not be excluded 
that they are fragments of the residual nucleolus. 
Attachment of DNA 
Large masses of 3-5 nm thin threads, emerging from the lamina 
and from the internal matrix, are visible inside the high-salt-
resistant nuclear residue and in a zone around it (Figs. 5 and 6). 
Digestion with RNase had no effect on the morphology of the 
structure (not shown). This, together with the stainability with 
ethidium bromide and their disappearance after DNase treatment 
(see below), indicates that the 3-5 nm threads are DNA molecules. 
To study further the attachment of DNA to the components of the 
nuclear residue, partially DNase digested preparations are of 
particular interest. Very low enzyme concentrations (0.2 U/ml) 
do not change the morphology of the matrix, except for a reduction 
of the amount of threads in the zone around the structure, which 
better reveals the attachment of DNA to the structure (Fig. 7). 
Higher DNase concentrations (2 U/ml) further reduce the amount 
of DNA threads in the outer zone and now the internal DNA also 
becomes less abundant (Fig. 8). The remainder of the DNA appears 
Figs. 3 and 4. Thin section of a detergent-isolated nucleus. 
The nuclear membranes and cytoplasmic contamination are not 
visible. The nucleus is surrounded by a 15-20 nm electron dense 
lamina (L) which encloses a homogeneous nucleoplasm (N). 
Bar 1 um (fig.3) and 0.5 pm (fig.4). 
Fig. 5. Thin section of a high-salt-resistant nuclear residue. 
The lamina (L) is extensively folded. The internal matrix (IM) is 
finely dispersed and is continuous with the lamina. An abundance 
of 3-5 nm DNA threads (^-) is visible inside the structure and in 
a zone around it. Bar 1 urn. 
Fig. 6. An enlargement of a thin section of a high-salt-
resistant nuclear residue shows the lamina (L) in cross section. 
The residual nuclear pore-complexes (P) are visible in a 
tangential sectioned part of the structure. An area of clusters 
of granules of 20-50 nm diameter (eg) is visible in the lower 
part of the figure. Thin DNA threads (^ -) seem to emerge from 
the lamina (L) and the peripheral and internal matrix (IM) 
material. Bar 0.5 pm. 
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to be associated with the finely dispersed internal matrix as well 
as with the lamina or the peripheral electron dense material of 
the internal matrix immediately below it (Fig. 8). 
In order to obtain better insight in the attachment of DNA to 
the peripheral layers of the matrix, the structures were 
fragmented by shearing through a hypodermic needle and spreaded 
with cytochrome с (Paulson and Laemmli,1977). Figure 9 shows such 
a spread preparation. The electron micrograph shows the annuii of 
the residual pore-complexes, interconnected by fibrilloglobular 
structures. The fragment is surrounded by DNA molecules (Fig. 9). 
Many DNA threads seem to emerge from the lamina and the annuii of 
the pore-complexes, but it may certainly not precluded that 
peripheral residues of the internal matrix are still associated 
with the lamina and might have DNA attached (Fig. 9). The binding 
of DNA to the peripheral structures of the nuclear residue is 
consistent with previous observations according to which DNA has 
a stable association with the nuclear envelope (Franke et al,1973; 
Schel and Wanka,1973 ; Zentgraf et al,1915). 
After treatment with higher enzyme concentrations (4 U/ml) the 
residual DNA threads remain associated with the same structures 
(Figs. 10 and 11), but the internal matrix now shows a markedly 
increased aggregation. 
The DNA threads are almost completely removed by extensive 
DNase treatment (10 U/ml and more). It is difficult to remove the 
last traces of firmly attached DNA (Pardoll et al,1980; Berezney 
and Buchholtz,1981), which are still visible on greatly enlarged 
Fig. 7. Thin section of a high-salt-resistant nuclear residue 
after limited DNase digestion (0.2 U/ml). The lamina (L) and the 
internal matrix (IM) are still present, only the amount of DNA 
threads (^ -) in the zone around the structure has been decreased. 
The DNA threads are attached to the internal matrix and to the 
lamina or the peripheral parts of the internal matrix immediately 
below it. Bar 0.1 μιη. 
Fig. 8. Thin section of a high-salt-resistant nuclear residue 
after low DNase digestion ( 2 U/ml). The amount of DNA threads 
(^ -) is further reduced in the zone around the structure as well 
as inside the nuclear matrix. The attachment of DNA to the 
lamina (L) and the internal matrix (IM) is clear. Bar 0.1 μη. 
Fig. 9. Electron micrograph of a spread fragment of the nuclear 
residue associated with DNA. DNA threads (^ -) emerge from the 
residual nuclear pore structures (P) and from the fibrilloglobular 
material (L). Bar 1 ym. 
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micrographs of DNA-depleted nuclear residues (Fig. 14). After DNA 
depletion, not only the lamina, but in particular the residual 
pore-complexes are better visible on cross sections (Figs. 12, 13 
and 14), probably because the lamina is less folded. The material 
of the internal matrix is slightly aggregated and occupies only a 
small part of the internal space. This is confirmed by whole-mount 
preparations of these DNA-depleted nuclear residues, which 
essentially show the lamina layers with regularly distributed 
annuii of the residual pore-complexes (Fig. 15). 
DISCUSSION 
Attempts to understand the unwinding of the DNA double helix 
during replication and the sorting out of the daughter 
chromosomes in mitosis, have led to models which imply an 
attachment of DNA at multiple sites to the nuclear envelope 
(Comings,1968; Dingman,1974). The discovery of the nuclear protein 
matrix by Berezney and Coffey (1974) has revealed other structural 
elements in the nucleus in addition to the nuclear envelope as a 
means for the attachment of DNA. 
In recent years experimental evidence has been provided for an 
association of DNA, in particular newly replicated DNA, with the 
nuclear matrix in interphase nuclei of mammalian cells, both from 
enzymatic digestion studies (Berezney and Coffey,1975; Wanka et 
Figs. 10 and 11. Thin sections of the high-salt-resistant 
nuclear residues after higher DNase digestion (4 U/ml). The 
residual DNA threads (^ -) are still anchored to the same 
structures as described in figure 8 (p. 59), but the internal 
matrix (IM) with associated DNA fragments now shows a markedly 
increased aggregation and is often appressed to the lamina (L). 
Bar 1 ym (fig.10) and 0.1 pm (fig.11). 
Fig. 12. Thin section of high-salt-resistant and DNA-depleted 
nuclear residues, which reveals the lamina (L) much less folded 
and slightly aggregated internal matrix material (IM), which 
occupies only a small part of the internal space. Bar 1 pm. 
Figs. 13 and 14. Enlargements of figure 12. The residual 
nuclear pore-complexes (P) are visible in cross section and 
traces of firmly attached DNA threads (^ -) are still associated 
with the residual nuclear structures. Bar 1 μΐη (fig.13) and 
0.1 \im (fig. 14) . 
Fig. IS. Whole-mount preparation of nuclear residues depleted 
of DNA (20 U/ml). A lamina is shown with regularly distributed 
annuii of the nuclear pore-complexes (P). Bar 1 ym. 
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al,1977; Berezney and Buchholtz,1979 ; Dijkwel et al,1979; Wanka 
and Mitchelson,19 79,· Pardoll et aZ.,1980; Hunt and Vogelstein, 1981) 
and autoradiographic studies (McCready et α!,1980; Vogelstein et 
ai,1980). The nuclear matrix has been found in a variety of 
mammalian cellls (Shaper et ai,1979), but also in lower species 
like Tetrahymena (Herían and Wunderlich,1976) and Physarum 
polyaephalum (Mitchelson et αΖ-,1979; Bekers et αΖ,1981). It 
consists of the pore-complex lamina, an internal matrix and the 
residual nucleolus. At least in Physarum the nuclear matrix is 
present during the whole nuclear cycle and undergoes changes 
which strongly suggest that part of it is transformed into 
chromosomal scaffolds (Bekers et αΖ,1981), such as described for 
mammalian chromosomes (Paulson and Laemmli,1977 ; Mullinger and 
Johnson,1980). These results suppose the presence of a DNA-
supporting structure in the nucleus during the whole cell cycle. 
To study the binding of DNA, we isolated the nuclear matrix 
under conditions which resulted in a minimal degradation of the 
2 + DNA. Mg was omitted in the isolation buffers in order to prevent 
the activation of endogeneous nucleases (Berezney and Coffey,1977; 
Agutter and Richardson,1980) and the isolation time was reduced 
to about 15 min. for the nuclei and to 50-90 min. for the nuclear 
matrix. These conditions should also diminish cytoplasmic 
contamination (Franke et al,1973) and the chance of undesired 
oxidative cross-linking of the proteins within the nucleus (Cobbs 
and Shelton,l978; Kaufmann et α£,1981). Usually almost 90% of DNA 
remains associated with the nuclear matrix (Wanka et al,1977; 
Dijkwel et al,1979; Mullenders,1979). These large masses are 
visible inside the nuclear matrix and in a zone around it, 
emerging from the lamina and the internal matrix. Of the matrix 
components, the pore-complex lamina has clearly defined 
morphological features, which appear reproducible by various 
isolation procedures (Shaper et al, 1979; Adolph,1980; Agutter 
and Richardson,1980; Shaper et aZ,198l). The residual nucleolus 
is either absent or highly fragmented in our preparations. This 
is probably due to its instability in the absence of Mg during 
the isolation of the nuclei (Daskal et αΖ.,1978) and can not be 
ascribed to the digestion with RNase before the high-salt-
extraction (Shaper et αΖ-,1981). The fibrillogranular internal 
62 
matrix appears as an amorphous structure. It undergoes drastic 
changes during the DNase digestion, though the polypeptide 
composition does not differ markedly from that of the nuclear 
matrix with a fairly stable internal matrix isolated by others 
(Berezney and Coffey,1974; Berezney and Coffey,1977; Shaper et al, 
1979). Further investigations have shown that the occurrence of 
an extensive internal matrix and the residual nucleolus are 
dependent on the presence of Mg during the isolation of the 
nuclei (chapter VI). It should be noticed, however, that nuclear 
matrices isolated according to the original method (Berezney and 
Coffey,1974; Berezney and Coffey,1977), at least in some cell 
types, also lack an extensive internal structure (Shaper et al, 
1979). This can be ascribed to species characteristics or 
isolation conditions which minimized the oxidation of protein 
sulfhydryl groups (Shaper et αΖ-,1981). 
The changes observed with DNase digestion suggest that the 
matrix is a loose network, rather then a rigid scaffold. The 
aggregation of the internal matrix may be due to the formation of 
2 + 
cross-links between proteins by Mg (Honda et al ,1975; Hancock 
et al ,1977) present during DNase digestion. It seems possible 
that similar cross-links, formed when nuclei are isolated in the 
presence of Mg , stabilize the protein network during the 
subsequent isolation. Aggregation of the internal material after 
2 + DNase digestion in the presence of Mg has also been found in 
Physarum polyaephalum (Bekers et αΖ,198ΐ) . 
Obviously the gross morphology of the nuclear matrix is 
maintained by the lamina with the pore-complexes and the 
attachment of DNA to the nuclear matrix is not dependent on the 
presence of a rigid internal matrix. 
The partial DNA-digestion experiments show that DNA is tightly 
bound to the internal matrix as well as to the pore-complex 
lamina. The latter discovery is interesting in view of the models 
suggested by Comings (1968) and Dingman (1974). In particular, it 
could mean that the origins of replication and, during DNA 
synthesis, the replication forks are bound to the residual nuclear 
envelope (Hanania and Harel,1973; Crabb et ai,1980). 
Autoradiographic data are not in agreement with such a model 
(Comings and Okada,1973; Huberman et al,1973; Wise and Prescott, 
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1973; Fakan and Hancock,1974 ; Pardoll et al,1980). It rather 
seems that both initiation and replication takes place throughout 
the entire nucleus, indicating that the binding sites of the 
replication complexes may be located on the internal matrix. Only 
the late replicating DNA appears to be membrane-associated 
(Comings and Okada,1973; Huberman et at, 1973; Sparvoli et al, 
1976). The association of DNA with the lamina and the pore-
complexes might have another function. It could be involved, for 
example, in the spatial arrangement of the chromosomes during 
interphase and in the sorting out of the chromosomes at the onset 
of mitosis. 
Replication models, taking into consideration all the DNA 
anchoring sites, will probably have to be more complicated than 
those proposed so far. 
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V. CHARACTERIZATION OF SUBSTRUCTURES FROM MAMMALIAN CELL NUCLEI 
ISOLATED WITH HEPARIN 
INTRODUCTION 
The polyanion heparin is a polysaccharide consisting of a chain 
of glucuronic acid and glucosamine with sulphate ester groups. It 
induces a swelling of the nuclei in the absence of divalent 
cations (Kraemer and Coffey,1970). Nuclear envelopes can be 
isolated from such swollen nuclei, because heparin causes, in 
suitable conditions, a complete solubilisation of the chromatin 
(Hildebrand and Okinaka,1976 ; Bornens,1977a; Hildebrand et al, 
1977; Wille and Steffens,1979). The lysis of nuclei with heparin 
is very fast when the nuclei are isolated with non-ionic 
detergents (Hildebrand and Okinaka,1976) and delayed when the 
nuclear membranes are still present (Bornens,1977a). Heparin 
seems to be a useful tool for the isolation of the nuclear 
envelope, which contains fragments of firmly attached DNA (Wille 
and Steffens,1979). 
To remove all the chromatin with heparin, Bornens (1977a,b) 
emphasizes the presence of phosphate ions in the lysis buffer, 
but Hildebrand and co-workers (Hildebrand and Okinaka,1976 ; 
Hildebrand et al,1977) claim an almost complete removal of the 
histones and DNA, using other buffers provided with a pH higher 
than seven. 
We report here on the effect of heparin on the ultrastructure 
and polypeptide composition of isolated nuclei from bovine liver 
cells. 
MATERIALS AND METHODS 
Isolation of nuclei 
Nuclei were isolated as described in chapter IV. 
Heparin extraction of the nuclei 
Nuclei from one Roux bottle were resuspended in 5 ml 50 mM 
Tris-HCl, pH 8, with 0.5 mM PMSF and 5 ml heparin solution 
(2 mg/ml, Sigma, sodium salt) in the same buffer were slowly 
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added. After 15 min. at room temperature the suspension was 
five-times diluted with the buffer and centrifugad in a Spinco 
L2-65B centrifuge for 40 min. at 45.000 g and 20OC. The sediment 
was resuspended in 2 ml 50 mM Tris-HCl, pH 8. The high-salt 
extraction and DNase digestion of the nuclei were performed 
conform the data in chapter IV. 
Electron miaposaopy and gel eleatrophoresis 
The procedures for electron microscopy and gel electrophoresis 
were described before (chapters II and IV). 
RESULTS 
Morphology 
Phase-contrast observations of the heparin-swollen nuclei 
Fig. 1. Thin section of heparin-extracted nuclei. The electron 
micrograph shows fragments of the lamina (L) with pore-complexes 
(P) in cross section. Bar 1 um. 
Fig. 2. Enlargement of figure 1. The annuii of the pore-
complexes (P) are visible in this tangential sectioned part of 
the structure. Thin 3-5 nm threads (^ ) are present, emerging 
from the lamina (L) and the pore-complexes. Bar 0.1 vim. 
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showed very faint nuclear ghosts as reported by others (Kraemer 
and Coffey,1970; Hildebrand and Okinaka,19 76; Bornens,1977a). 
Very high centrifugal forces (40 min, at 45.000g) had to be 
applied to obtain suitable amounts of residual nuclear 
substructures from the extraction medium. 
Electron micrographs of thin sections of the heparin-extracted 
nuclei reveal only fragments of the lamina (15-25 nm thick) with 
the annuii of the residual nuclear pore-complexes (Fig. 1) . Thin 
3-5 nm threads are still associated with the lamina and the pore-
complexes (Fig. 2). 
Gel eleatTophoresis 
v
 The polypeptide pattern of the heparin-extracted nuclei (Fig. 3, 
slot B) shows the same major bands as were present in the high-
salt-extracted nuclear residues (Fig. 3, slot A; see also chapter 
IV, fig. 2, p.54). The most pronounced polypeptides are located 
in the bands 2 (M.W. 71.5 kiloDalton), 4 (66 kiloDalton) and 6 
(61 kiloDalton). A striking difference between salt and heparin 
A В 
Fig. 3. SDS-polyacrylamide gel 
electrophoresis of high-salt-resistant 
nuclear residues (slot A) and the nuclear 
residues obtained after heparin extraction 
(slot B). 
Both the protein containing samples were 
digested with DNase I before being solved in 
the sample buffer (chapters II and IV). The 
numbers 1 to 7 indicate the similar 
polypeptide bands as shown in chapter IV, 
figure 2, page 54. С indicates the 45 and 
55 kiloDalton polypeptides of the 
cytoplasmic contamination, D is DNase I and 
H indicates the histones. 
Courtesy of A.CM. Pieok and A. Rijken. 
1-
4 Ш£Щ Sü. 
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is the absence of histones (bands H) and band 3 (68 kiloDalton) 
in the nuclear substructures obtained by the heparin extraction. 
The 105 kiloDalton polypeptide (band 1) is somewhat faint 
compared to the pattern shown in chapter IV. The high-salt 
extracted nuclei are contaminated with 45 and 55 kiloDalton 
polypeptides (bands C) originating from the cytoskeleton 
(Mullenders,1979). Obviously the nuclear preparation was not free 
of cytoplasmic material. Band D represents DNase I. 
DISCUSSION 
The extraction of histones and some non-histone proteins from 
isolated nuclei can be performed by high-salt concentrations 
(Berezney and Coffey,1974; Mullenders,1979 ; Bekers et α£,1981) or 
polyanions like heparin or dextran sulphate (Hildebrand and 
Okinaka,1976; Bornens,1977a; Bornens,1977b; Hildebrand et al, 
1977; Adolph,1980). The extraction with polyanions results in a 
more complete lysis of the nuclei, indicated by a decrease in the 
sedimentation rate on sucrose gradients (Adolph,1980). 
The nuclear residues from bovine liver cells obtained by high-
salt concentrations or heparin show the same polypeptide 
composition, except for a more complete release of the histones 
with polyanions. The major polypeptides of the heparin-extracted 
nuclei are found in the 60-70 kiloDalton molecular weight range, 
corresponding to the protein composition of nuclear matrix-like 
structures (see chapter IV) and the pore-complex lamina (Aaronson 
and Blobel,197 5; Dwyer and Blobel,1976; Jackson,1976 ; Lam and 
Kaspar,1979; Shelton and Egle,1979; Richardson and Maddy,1980; 
Shelton and Guthrie,1980). The ultrastructure of the heparin-
extracted nuclei reveals the same components as present in the 
pore-complex lamina (see chapter IV and the references above). 
The presence of thin threads, representing DNA fibers anchored 
to the lamina and the pore-complexes, is in agreement with the 
observations concerning the attachment of DNA to the residual 
nuclear envelope. 
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VI. THE EFFECT OF Mg + ON THE ULTRASTRUCTURE AND POLYPEPTIDE 
COMPOSITION OF THE NUCLEAR MATRIX 
INTRODUCTION 
Differences in the ultrastructure of the nuclear matrix, more 
obvious the absence or altered morphology of the internal 
component, can be ascribed to species characteristics (Mullenders, 
1979; Shaper et al,1979; Agutter and Richardson,1980) or to the 
state of differentiation of the cells (Long et at, 1979; Shaper 
et al, 1979; Eastment et al,\ЧЪ\) . Moreover, variations in the 
order of extraction steps and the isolation time required, have 
gTeat influence on the presence of a rigid internal matrix in the 
residual nucleus (Cobbs and Shelton,1978; Kaufmann et αΖ,1981; 
chapter IV). 
2+ Although high concentrations of Mg disrupt the pore-complex 
lamina (Dwyer and Blobel,1976; Shelton,1976), low concentrations 
of this divalent cation seem to be necessary for the stabilization 
of the nucleolus (Daskal et a£,1978) and the completeness of the 
morphology of the hetero- and euchromatin (Olins and 01ins,1972j 
Bornens,1977). 
2+ We have observed that low concentrations of Mg in the 
isolation buffers alter the morphology of the nuclear matrix. 
2 + In order to better understand the effect of Mg on the 
ultrastructure and the polypeptide composition of the nuclear 
2+ 
matrix, the influence of Mg , during different steps in the 
isolation procedure, was studied. 
MATERIALS AND METHODS 
Isolation of the nuclei 
Bovine liver cells were cultured in Roux bottles as described 
previously (chapter IV; Pieck,1971). Nuclei from these monolayer 
cells were isolated with three different methods: 
Uethod A: with Reticulocyte Standard Buffer (RSB) after mild 
trypsinization of the cells (Hoeymakers et ai,1974). Briefly, 
trypsinized cells from one Roux bottle were resuspended in 3 ml 
RSB (10 mM NaCl, 1.5 mM MgCl2 in 10 mM Tris-HCl, pH 7.4) 
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and passed several times through a hypodermic injection needle 
of 0.7 mm diameter. The suspension was diluted with RSB and the 
nuclei collected by centrifugation. This procedure was repeated 
using a hypodermic needle of 0.4 mm diameter until the nuclei 
were free of contamination as observed by the phase-contrast 
microscope. 0.5 mM phenylmethylsulfonylfluoride (PMSF) was 
included in the isolation buffers to inhibit proteolytic activity. 
Method B: with a modification of the procedure described by 
Pardoll et al (1980). Trypsinized cells were resuspended in HEPES 
buffer (50 mM HEPES, pH 7.8, 1 mM МдСЦ, 0.5 mM CaCl , 22 mM 
sucrose and 0.5 mM PMSF) with 0.5% Nonidet P-40, and sheared 
through a hypodermic needle of 0.7 mm diameter. After collecting 
the crude nuclear material by centrifugation, the nuclei were 
resuspended in HEPES with NP-40. The homogenization was repeated 
using a needle of 0.4 mm diameter until the nuclei were free of 
cytoplasmic contamination as judged by phase-contrast microscopy. 
Then, the nuclei were washed in HEPES without detergent. 
Method C: with Triton X-100 in 5 mM Tris-HCl, pH 8, as described 
in chapter IV. 
Isolation of residual nuclear structures 
1. The nuclear protein matrix. 
a. RSB-isolated nuclei (method A) were resuspended in 50 mM Tris-
HCl, pH 7.4, with 5 mM MgCl, and 1 mM PMSF in order to isolate 
nuclear protein matrices according to the origional method 
(Berezney and Coffey,1974). This method includes an endogeneous 
nuclease digestion, extraction with 0.2 mM MgCl- and extraction 
with 2 M NaCl, lipid extraction with 1% Triton and a DNase 
digestion (50 U/ml). Centrifugation forces never exceeded 780 g. 
b. The procedure described by Pardoll et al (1980) for monolayer 
cell cultures of 3T3 cells was also used for the isolation of 
nuclear protein matrices. HEPES isolated nuclei (method B) were 
resuspended in 10 mM Tris-HCl, pH 7.4, with 0.2 mM MgCl- and 
1 mM PMSF. A solution of NaCl was slowly added until a 
concentration of 2 M was reached. After this high-salt extraction 
the residual nuclei were digested with DNase (400 U/ml). The 
resulting nuclear protein matrices were collected by centrifugation 
at 10.000 g for 20 min. The nuclear protein matrices from 
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procedures la and lb were resuspended in 50 mM Tris-HCl, pH 7.4 
with 5 mM MgCl9. 
2 + 2. Low Mg treatment and DNA-depletion of isolated nuclei. 
Nuclei from one Roux bottle, isolated with Triton (method C) were 
suspended in 3-5 ml 50 mM Tris-HCl, pH 8. Then 0.0, 0.1, 1.0 or 
7.5 mM MgCl„ was added and the suspension was incubated for 15 
min. at room temperature. After the incubation the nuclei were 
extracted with 2 M NaCl and digested with DNase (4 U/ml). 
Residual nuclear structures were isolated as described previously 
(chapter IV). The nuclei were depleted of DNA too by adding 
7.5 mM MgCl_ and 60 U/ml DNase I (Sigma, electrophoretically 
pure) to the nuclear suspension and incubated at 37 С for 30 min. 
After"the digestion, the DNA-depleted nuclei were diluted with 
Tris-buffer to 30 ml and the same volume of either 4 M NaCl, 
2 mg/ml heparin or 4 mg/ml dextran sulfate was added. The 
suspension was left at room temperature for 15 min. and 
centrifuged for 20 min. at 10.000 g. The sediment was extracted 
with NaCl or polyanions once more, recentrifuged and resuspended 
in 2 ml 50 mM Tris-HCl, pH 8. 
Eleatron miorosoopy and gel eleatrophoresis 
The electron microscopic and gel electrophoretic procedures 
were performed as described in chapters III and IV. 
RESULTS 
Ultras truc tuve of the nuolear protein matrix 
The isolation of the nuclear protein matrix from bovine liver 
cells according to the method of Berezney and Coffey (1974,1977) 
required a nuclear isolation method without detergent and with 
buffers capable to retain the morphology of the hetero- and 
euchromatin and the nucleolus. For this reason we decided to use 
the nuclear isolation method with RSB as described earlier 
(Hoeymakers et al,1974) . Nuclei, isolated with RSB, revealed, 
after extraction with 0.2 mM MgCl-, 2 M NaCl, 1% Triton, nuclease 
and with low centrifugal forces, a structure comparable to the 
nuclear protein matrix of rat and mouse liver nuclei (Berezney 
and Coffey,1974; Comings and Okada,1976; Berezney and Coffey, 
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1977) (Fig. 1). The residual nucleolus is present as an electron 
dense mass surrounded by a slightly condensed interchromatinic 
network. The structure is enclosed by the residual nuclear 
envelope, consisting of the 15-20 nm thick lamina with nuclear 
pore-complexes (Fig. 2). Ihe residual nucleolus has only limited 
links with the internal matrix (Comings and Okada,1976), which in 
turn is connected to the lamina at many sites. The internal matix 
consists of fibrillar and granular structures (diameter 20-25 nm) 
and clusters of interchromatinic granules (diameter 15-25 nm) 
(Berezney and Coffey,1974 ; Berezney and Coffey,1977) (Fig. 2). 
Isolation according to the method of Pardoll et al (1980) for 
•in vitro cultured cells resulted in similar nuclear protein 
matrices (not shown). 
2 + Influence of low Mg oonoentrations on the morphology of 
-isolated nuclei and nuclear residues 
Nuclei, isolated with Triton (method C) and incubated with 
7.5 mM MgCl9, reveal under the phase-contrast microscope a 50% 
2+ 
reduction of their diameter. Incubations with Mg concentrations 
up to 1 mM did not lead to shrinking of the nuclei (not shown). 
Lysis of these strongly shrunken nuclei with 2 M NaCl results in 
a restoration of the normal diameter of high-salt-resistant 
nuclear residues as described in chapter IV. A ultrathin section 
of such a nuclear residue after partial DNase digestion is shown 
in figure 3. Again, the structure is surrounded by the lamina 
with residual pore-complexes, clearly visible in tangential 
sections (Fig. 4). The internal matrix is not so finely dispersed 
as in high-salt-resistant nuclear residues isolated from nuclei 
2+ 
not incubated with Mg (chapter IV) and shows a slight 
aggregation. The partial DNase digestion (4 U/ml) did not remove 
all the DNA, as 3-5 nm threads are still visible in the electron 
micrographs, anchored to the lamina and the internal matrix 
(Fig. 4) . 
Evidently, the shrinking of isolated nuclei induced by 7.5 mM 
2 + Mg is reversible and has no effect on the ultrastructure of the 
residual nucleus after high-salt extraction. 
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Ultrastvuature of Dl·!Α-depleted nuclei after extraotion with 
NaCl and polyanions 
Digestion of detergent-isolated nuclei (method С) with DNase I 
in the presence of Mg leads to a removal of nearly all the 
nuclear DNA (Riley,1980). Phase-contrast microscopic observations 
of the DNA-depleted nuclei reveal a reduction of their diameter 
of about 50% and an intensification of their contrast, comparable 
2 + to the nuclei incubated with 7.5 mM Mg alone (see above). 
Electron micrographs of thin sections show compact electron dense 
nuclei (Fig. 5) with a maximum diameter of 5-6 μιη. After 
treatment of these compact nuclei with 2 M NaCl, expanded 
high-salt-resistant structures can be isolated from the lysate. 
In cross sections they reveal great ultrastructural differences 
as compared to the nuclear residues described above and in the 
previous chapters (Fig. 6). The structure is still surrounded by 
a 15-20 run thick lamina with residual nuclear pore-complexes. 
The annuii of the pore-complexes are clearly visible on 
tangential sections (Fig. 7). Internally an electron dense mass 
is present which resembles the residual nucleolus. This structure 
is linked to the lamina by a large network, that seems to consist 
of interchained globular and tubular elements with a wall 
thickness of 15-20 nm. Some globular elements show considerable 
resemblance to the annuii of the nuclear pore-complexes. Serial 
sections have proven that the internal network forms a three 
dimensional framework in the nuclear residue. Thin threads could 
not be identified. 
Figs. 1 and 2. Thin sections of the nuclear protein matrix 
isolated according to the method of Berezney and Coffey (1974). 
The residual nucleolus (RN) has only minor connections with the 
internal matrix (IM), which contains clusters of interchromatinic 
granules (CG). The lamina (L) with residual nuclear pore-
complexes (P) surrounds the structure and shows many links with 
the internal matrix. Bar 1 ym (Fig. 1) and 0.5 μη (Fig. 2). 
Figs. 3 and 4. Thin sections of high-salt-resistant residues 
from nuclei incubated with 7.5 mM MgCl- prior to the salt 
extraction. A slightly condensed internal matrix (IM) is 
distributed at random throughout the structure and is in contact 
with the lamina (L) at many sites. The enlargement (Fig. 4) 
shows the pore-complexes (P) in tangential section and the 
remainder of the 3-5 nm DNA threads (^ -) anchored to all the 
components of the structure. Bar 1 urn (Fig. 3) and 0.5 ym 
(Fig. 4). 
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The same structures can be isolated from DNA-depleted nuclei 
after extraction with polyanions like heparin and dextran sulfate, 
Figure 8 shows a heparin-extracted nucleus. Hardly any 
differences occur between these structures and the DNA-depleted 
nuclei after high-salt extraction. 
Polypeptide composition of DNA-depleted nuclei after extraction 
with NaCl or dextran sulfate 
The gel electrophoretic pattern is shown in figure 9. DNA-
depleted nuclei extracted with NaCl show, in addition to the 
A B C 
H 
Ръд. 9. SDS-polyacrylamide gel 
electrophoresis of high-salt-resistant 
nuclear residues (slot A), nuclear 
residues from DNA-depleted nuclei 
extracted with NaCl (slot B) and 
extracted with dextran sulfate (slot C). 
DNA depletion of the isolated nuclei is 
performed with 6 0 U/ml DNase I in the 
presence of 7.5 mM MgCl?. The numbers 2 (71.5 kiloDalton), 4 (6b kiloDalton) and 
6 (61 kiloDalton) refer to the similar 
polypeptide bands as shown in chapter IV, 
H figure 2. H indicates the histones. 
Courtesy of A.CM. Fieok and A. Rijken. 
Fig. 5. Thin section of detergent-isolated nuclei, depleted 
of DNA in the presence of Mg . Several compact electron dense 
nuclei (N) are visible. Bar 1 ym. 
Figs, в and 7. Thin sections of the residue of a DNA-depleted 
nucleus after extraction with 2 M NaCl. The structure is still 
surrounded by the lamina (L) with the nuclear pore-complexes (P). 
An electron dense mass (M) is present, linked to an extended 
internal network. This network has globular (gn) and tubular (tn) 
elements with a wall-thickness of 15-20 nm and has many 
connections with the lamina. Bar 1 μιη (Fig. 6) and 0.5 \im (Fig.7). 
Fig. 8. Thin section of the residue of a DNA-depleted nucleus 
after extraction with heparin. This electron micrograph shows 
similar components as described in figure 6. Bar 1 um. 
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60-70 kiloDalton nuclear matrix polypeptides (Fig. 9, slot A; 
chapter IV, fig. 2), the presence of core histones and an 
abundance of high-molecular weight polypeptides (Fig. 9, slot B). 
Except for the core histones, the polypeptide pattern is even 
more complex after extraction with dextran sulfate (Fig. 9, slot 
C). Thus the complex morphology of the extended network of 
DNA-depleted nuclei, extracted with NaCl or polyanions, is 
accompanied by the presence of the core histones and of high-
molecular weight polypeptides. 
DISCUSSION 
As" described already (chapters I and IV) the arrangement of the 
nuclear matrix is very much a function of the methods used to 
isolate and observe it (Shaper et 01,1979; Adolph,1980 ; Agutter 
and Richardson,19 80; Bekers and Wanka,1980; Bekers et αΖ,198ΐ). 
2 + We have found that the presence of Mg during the isolation can 
be of importance for the stabilization of the internal matrix. 
Isolation of the nuclear protein matrix from cultured bovine 
liver cells according to the original procedure (Berezney and 
Coffey,1974; Comings and Okada,1976; Berezney and Coffey,1977) 
resulted in similar structures as those described for rat and 
mouse liver nuclei. Gel electrophoresis also revealed the same 
polypeptides (Mullenders,1979). 
2 + Reduction of the Mg concentration in the nuclear isolation 
buffers causes a relaxation of the nucleolus (Daskal et al,1978). 
Thus it seems that the presence of a residual nucleolus in the 
2+ 
nuclear matrix preparations is dependent on the addition of Mg 
to the nuclear isolation buffers. The absence of divalent cations 
in the nuclear isolation buffers also causes a decondensation of 
the chromatin (Olins and 01ins,1972; Bornens,1977) by the 
unwinding of the nucleosome filament (Finch and Klug,1976; Thoma 
et al,1979; Zentgraf et al,1960). This decondensation results in 
a homogeneous nucleoplasm of the isolated nucleus (chapter IV), 
which can also influence the ultrastructure of the nuclear matrix 
(Long et al,1979) . If the detergent-isolated nuclei with 
2 + homogeneous nucleoplasm are incubated with Mg , they become very 
dense. This shrinking of the nuclei is the result of non-
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characteristic contraction of chromatin (Kellermayer et al,1974; 
Rao and Johnson,1974 ; Zentgraf et aZ,1980; Aaronson and Woo, 
1981). 
While treatment of Mg -induced dense nuclei with high-salt 
concentrations results in a reversible expansion of the structure 
with no morphological differences compared to control structures, 
the high-salt extraction of DNA-depleted nuclei causes marked 
morphological changes. The lamina with the residual pore-complexes 
surrounds the structure again, but now the internal matrix is 
composed of an extended network with an electron dense mass in 
the center. Close examination of this internal network reveals a 
different ultrastructure as compared to nuclear protein matrices. 
Large globular and fibrillar elements form chains or tubuli of 
the network. Annular-like structures with the same dimensions as 
the annuii of the residual pore-complexes are often present in 
the network. The relationship between these annuii and the 
pore-complexes found in the nucleoplasm (Maul,1977) is not clear. 
The same extended structures are found after lysis of DNA-
depleted nuclei with polyanions like heparin or dextran sulfate. 
Gel electrophoresis of these extended structures shows the 
presence of the nuclear matrix polypeptides and, in addition, the 
core histones and high-molecular weight polypeptides. Core 
histones are known to connect with the matrix proteins after 
their release from the chromatin during the DNA digestion (Long 
et al, 1979) 
These results indicate that it is possible to isolate a nuclear 
matrix with an extended internal matrix from mammalian cell nuclei 
2+ 
with the aid of Mg . Whether the internal matrix is a part of 
the in vivo nuclear matrix or is induced by divalent cations and 
protein cross-linking (Kaufmann et Ö:£,1981) during the isolation 
of the structure is still unknown. 
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Chapter VII 
SUMMARY / SAMENVATTING 
VII. SUMMARY 
The objective of the investigation described in this thesis is 
the ultrastructure and polypeptide composition of the residual 
nuclear structures, remaining after extraction of nuclei of 
Physarum polyaephalum and mammalian cells with high-salt 
concentrations. Previous biochemical studies have already shown 
that nearly all DNA is attached to this residual nuclear 
structure. We have tried to visualize this DNA attachment with 
several electron microscopic techniques. 
Chapter I presents a survey of the literature concerning the 
chromatin structure and the spatial organization of the chromatin 
in the nucleus. Three structural protein components in the 
nucleus are involved in the ordered arrangement of the chromatin: 
the residual nuclear envelope, consisting of the lamina with 
pore-complexes, the internal matrix and the residual nucleolus. 
These structural nuclear components are called the nuclear matrix. 
The role of the nuclear matrix in DNA attachment and replication 
is discussed. The attachment of the DNA-replication complex to 
structural components of the nucleus seems to be important for 
the proper separation of the two DNA daughter molecules 
immediately after synthesis. 
The isolation of the nuclear matrix of interphase nuclei from 
Physarum is described in chapter II. The structure is isolated by 
extraction of nuclei with 2.5 M NaCl and DNase digestion. Electron 
micrographs of whole-mount preparations show the three components 
of the nuclear matrix i.e. the pore-complex lamina, the internal 
matrix and the residual nucleolus. It is shown that, after 
omitting the DNase digestion, large masses of thin DNase-labile 
threads are attached to the residual nuclear structure. The 
nuclear matrix largely consists of proteins (90%) and minor 
quantities of DNA, RNA and carbohydrates. Gel electrophoresis 
reveals two major polypeptides of 23 and 36.5 kiloDalton 
molecular weight respectively, as well as a number of minor 
polypeptides of various molecular-weight classes. The low 
molecular weight of the predominant polypeptides of the nuclear 
matrix of Physarum suggests significant differences in composition 
of nuclear structural proteins between lower and higher 
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eucaryotes. 
Physarum nuclei retain their nuclear envelope during the major 
part of mitosis and therefore the nuclei can be isolated up to 
late anaphase. As it is possible to isolate a nuclear matrix 
from Physarum, the way is opened to study the fate of the nuclear 
matrix during mitosis. The results of this investigation are 
presented in chapter III. Ultrathin sections of nuclear matrices 
isolated from interphase nuclei of PHysarum show the same 
components as found in whole-mount preparations (chapter I I ) . 
The lamina with the pore-complexes surrounds the structure and 
is associated with the internal matrix which has only a few 
connections with the centrally located residual nucleolus. During 
prophase the internal matrix separates from the lamina and the 
residual nucleolus moves to the periphery of the structure and 
disperses. The internal matrix condenses and takes a more central 
position in the late prophase nuclear matrix. During anaphase the 
internal matrix is divided into two parts which follow the known 
movements of chromosomes of nuclei in fixed Plasmodia of Physarum. 
DNase-labile threads are attached to the nuclear matrix during 
all the mitotic stages. It is therefore suggested that the 
internal matrix serves as a carrier of chromosomal DNA comparable 
to the function of the chromosomal scaffolds in higher 
eucaryotes. 
Chapter IV is devoted to the isolation and characterization 
of nuclear matrices from mammalian cell nuclei. Contrary to most 
of the isolation procedures described in literature, we isolate 
2 + the nuclear matrices with a rapid method in the absence of Mg 
This results in a high-salt-resistant nuclear residue consisting 
of the lamina with residual pore-complexes and a finely dispersed 
internal matrix. The structure is enriched in polypeptides in the 
60-70 kiloDalton molecular weight range. Electron micrographs 
show thin DNase-labile threads inside and in a zone around the 
structure, emerging from the lamina and the internal matrix. In 
order to reveal DNA attachment better, partially DNase-digested 
nuclear matrices are studied. Almost all the DNA can be removed 
by DNase digestion without selective loss of any of the 
polypeptides, but this treatment results in an aggregation of the 
internal matrix. Traces of firmly attached DNA are difficult to 
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remove. Electron micrographs reveal that DNA is attached to the 
lamina, the pore-complexes and the internal matrix. It is 
concluded that the attachment is not dependent on the presence 
of a rigid internal matrix and the lamina provides the stability 
of the high-salt-resistant nuclear residues. 
The isolation of the residual nuclear envelope from mammalian 
cells with heparin is described in chapter V. Very high 
centrifugal forces have to be applied in order to obtain 
suitable amounts of material from the heparin-lysed nuclei. The 
polypeptide composition of the residual nuclear envelope is 
comparable to that of the nuclear matrix. A striking difference 
is the absence of a 68 kiloDalton polypeptide. The electron 
micrographs reveal fragments of the lamina with pore-complexes. 
These results confirm the observations that DNA threads are 
attached to the residual nuclear envelope. 
Chapter VI presents experiments that show that Mg is involved 
in the stability of the internal matrix. Incubation of isolated 
2+ 
nuclei with Mg results in a strong shrinkage of the nuclei. 
Extraction with NaCl leads to the same nuclear residues as 
described in chapter IV. If the nuclei are digested with DNase 
2+ in the presence of Mg , prior to the high-salt or heparin 
extraction, marked ultrastructural differences are observed. 
The internal matrix is now composed of an extended network with 
an electron dense mass in the center, possibly the residual 
nucleolus. This internal network has a more compact ultrastructure 
as compared to the internal matrix of nuclear matrices described 
in the previous chapters. Gel electrophoresis of these extended 
nuclear residues shows the presence of 60-70 kiloDalton matrix 
polypeptides and, in addition, the core histones and high-
molecular weight polypeptides. The results indicate that it is 
possible to isolate a nuclear matrix-like structure with an 
extended internal matrix and a residual nucleolus with the aid 
2 + 
of Mg . These extended nuclear residues are not important for 
the attachment of chromosomal DNA as 90% of the DNA is anchored 
already to the nuclear envelope and a finely dispersed internal 
matrix that can be isolated in the absence of divalent cations. 
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STRUKTURELE KOMPONENTEN VAN DE CELKERN EN DE ORGANISATIE VAN 
CHROMOSOMAAL DNA 
SAMENVATTING 
Het doel van het onderzoek, dat in dit proefschrift beschreven 
is, is het verkrijgen van meer inzicht in de ultrastruktuur en de 
polypeptide samenstelling van de residue kernstruktuur, die 
overblijft na de extraktie van kernen van Physarum polyaephalum 
en zoogdiercellen met hoge zoutkoncentraties. In eerdere 
biochemische studies is al aangetoond dat vrijwel al het DNA aan 
deze residue kernstruktuur is gebonden. Getracht is deze DNA 
aanhechting met behulp van elektronenmikroskopische technieken 
zichtbaar te maken. 
In hoofdstuk I is een overzicht gegeven van de huidige 
inzichten met betrekking tot de chromatinestruktuur en de 
ruimtelijke organisatie van het chromatine in de kern. Het blijkt 
dat bij dit laatste een drietal strukturele eiwitkomponenten in 
de kern een rol spelen. Dit zijn de residue kernenvelop, bestaande 
uit de lamina met de porie-komplexen, een interne matrix en de 
residue nukleolus. Deze strukturele eiwitkomponenten vormen 
tesamen de kernmatrix. Er wordt ook ingegaan op de rol van de 
kernmatrix bij de DNA aanhechting en de DNA replikatie. De 
aanhechting van het DNA-replikatie komplex aan een ruimtelijke 
struktuur in de kern lijkt van belang te zijn voor het ordelijke 
verloop van de scheiding van de nieuw gevormde DNA molekulen 
direkt na de synthese. 
De isolatie van de kernmatrix uit interfase kernen van Physarum 
polyaephalum is beschreven in hoofdstuk II. 
Elektronenmikroskopisch onderzoek aan de struktuur, die te 
isoleren is door extraktie van kernen met 2.5 M NaCl gevolgd door 
DNase vertering, bracht aan het licht dat deze uit de drie 
komponenten van de kernmatrix bestaat: de porie-komplex lamina 
laag, de interne matrix en de residue nukleolus. Als de DNase 
vertering achterwege wordt gelaten, dan blijken grote hoeveelheden 
DNase-gevoelige draden aan de residue kernstruktuur gebonden te 
zijn. De matrix bestaat voor meer dan 90% uit eiwitten met kleine 
restanten DNA, RNA en koolhydraten. Gel elektroforese heeft 
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aangetoond dat de kernmatrix van Physarum overwegend uit twee 
Polypeptiden bestaat met een molekuulgewicht van 23 en 36.5 
kiloDalton. Verder zijn er een groot aantal minder opvallende 
Polypeptiden aanwezig met een grote spreiding in molekuulgewicht. 
Door het lage molekuulgewicht van de twee belangrijkste 
Polypeptiden van de kernmatrix van Physarum lijkt het erop, dat 
er grote verschillen zijn tussen de strukturele kerneiwitten van 
lagere en hogere eukaryoten. 
Het feit dat uit Physarum kernen een kernmatrix te isoleren is, 
leidt ertoe dat het mogelijk moet zijn het lot van de kernmatrix 
tijdens de mitose te bestuderen. Dit wordt mogelijk geacht omdat 
de kernen van Physarum tot ver in de anafase te isoleren zijn, 
daar dit organisme een zogenaamde gesloten mitose heeft. Dit wil 
zeggen dat de kernenvelop intakt blijft gedurende het grootste 
gedeelte van de kerndeling. De resultaten van dit onderzoek zijn 
beschreven in hoofdstuk III. Ultradunne koupes van kernmatrices 
geïsoleerd uit interfase kernen van Physarum bevestigen het beeld 
dat verkregen is met "whole-mount" preparaties (hoofdstuk II). 
De lamina met porie-komplexen begrenst de struktuur en staat in 
verbinding met de interne matrix. Deze laatste struktuur vormt 
slechts enkele verbindingen met de residue nukleolus. Tijdens de 
profase van de kerndeling raakt de interne matrix los van de 
lamina en verplaatst de residue nukleolus zich naar de buitenkant 
van de struktuur alvorens in stukken uiteen te vallen. De interne 
matrix verdikt zich en neemt een centrale plaats in in de late 
profase kernmatrix. Tijdens de anafase wordt de interne matrix 
in twee delen gesplitst en volgt de verplaatsing van de 
chromosomen zoals deze bekend is van delende kernen in gefixeerde 
Plasmodia van Physarum. Gedurende al de stadia zijn DNase-
gevoelige draden aan de kernmatrix gehecht. Daarom wordt 
verondersteld dat de interne matrix als een drager van het 
chromosomale DNA dient, vergelijkbaar met de funktie van de 
chromosoom "scaffolds" in hogere eukaryoten. 
In hoofdstuk IV is de isolatie en karakterisering van 
kernmatrices uit zoogdiercellen beschreven. In tegenstelling tot 
de meeste isolatietechnieken, die in de literatuur beschreven 
zijn, vergt de hier gebruikte methode weinig tijd en wordt geen 
2 + Mg gebruikt. Het resultaat is een hoog-zout resistent 
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kernresidu dat bestaat uit een lamina met porie-komplexen en een 
fijn verdeelde interne matrix. De belangrijkste Polypeptiden 
hebben een molekuulgewicht tussen de 60 en 70 kiloDalton. Op de 
elektronenmikroskopische foto's is te zien dat dunne DNA draden 
zowel binnen de residue kernstruktuur aanwezig zijn als in een 
smalle zone buiten de struktuur. Deze draden lijken aangehecht 
aan de lamina en de interne matrix. Om de DNA aanhechting beter 
zichtbaar te maken wordt een partiële DNase vertering toegepast. 
De elektronenmikroskopische opnamen laten zien dat het DNA stevig 
aangehecht is aan de lamina, de porie-komplexen en de interne 
matrix. Vrijwel al het DNA kan verwijderd worden door de DNase 
vertering, waarbij er geen verlies optreedt aan Polypeptiden. 
Deze behandeling heeft wel tot gevolg dat de interne matrix 
aggregeert. Spoortjes van stevig aangehecht DNA blijven altijd 
aanwezig. Uit dit alles is gekonkludeerd dat de aanhechting van 
het DNA niet bepaald wordt door de aanwezigheid van een 
uitgebreide interne matrix en dat de stabiliteit van het hoog-
zout resistente kernresidu gewaarborgd wordt door de lamina. 
De isolatie van de residue kernenvelop van zoogdiercellen met 
behulp van héparine is beschreven in hoofdstuk V. Opvallend is 
dat aanzienlijk hogere centrifugale krachten toegepast moeten 
worden om voldoende materiaal uit de met héparine gelyseerde 
kernen te verzamelen. De polypeptide samenstelling van de residue 
kernenvelop is te vergelijken met die van de kernmatrix. Een 
68 kiloDalton polypeptide ontbreekt echter. Op de 
elektronenmikroskopische foto's zijn de porie-komplexen goed te 
zien en deze zijn onderling verbonden door de lamina. Deze foto's 
bevestigen eerdere waarnemingen, die er op duiden dat dunne DNA 
draden aan de residue kernenvelop aangehecht zijn. 
In hoofdstuk VI zijn experimenten beschreven die aantonen dat 
2 + Mg van belang is voor de stabiliteit van de interne matrix. 
Inkubatie van geïsoleerde kernen van zoogdiercellen met Mg 
resulteert in een sterke krimping van de kernen. Deze krimping 
is reversibel daar extraktie met hoge zoutkoncentraties dezelfde 
residue kernstrukturen oplevert als beschreven in hoofdstuk IV. 
Indien de kernen echter, vóór de extraktie met NaCl of héparine, 
2+ 
worden geïnkubeerd met DNase in aanwezigheid van Mg , dan treden 
er grote strukturele veranderingen in de residue kernen op. Nadat 
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het DNA grotendeels verwijderd is, blijft er, na extraktie met 
NaCl of héparine, een residue kernstruktuur over met een 
uitgebreid intern netwerk en een elektronen dichte massa in het 
midden, mogelijk de residue nukleolus. Dit interne netwerk heeft 
een meer kompakte ultrastruktuur dan de interne matrix van 
kernmatrices die in de vorige hoofdstukken zijn beschreven. 
Gel elektroforese van deze komplexe kernresiduen duidt op de 
aanwezigheid van de 60-70 kiloDalton matrix Polypeptiden, maar 
tevens zijn histonen en Polypeptiden met een groot molekuulgewicht 
te vinden. De resultaten duiden erop, dat het mogelijk is 
kernmatrix-achtige strukturen met een uitgebreid netwerk van de 
interne matrix en de residue nukleolus te isoleren met behulp van 
2 + Mg . Deze komplexe kernresiduen zijn echter niet van wezenlijk 
belang voor de aanhechting van het chromosomale DNA, daar 90% 
van het DNA al aangehecht is aan de residue kernenvelop en een 
fijn verdeelde interne matrix zoals die geïsoleerd wordt in 
afwezigheid van divalente kationen. 
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De ultrastruktuur van de kernmatnx is afhankelijk van de 
gebruikte isolatiemethode. 
Kaufmann,S.H., Coffey,D.S., Shaper,J.H. (1981) Exp.Cell Res. 
132, 105-123. 
Dit proefschrift, de hoofdstukken IV en VI. 
II 
De stabiliteit van de celkern wordt gewaarborgd door de 
kernenvelop en niet door de interne matrix. 
Dit proefschrift, hoofdstuk IV. 
III 
Veel detergentia, die gebruikt worden bij membraan isolaties, 
bevatten sterk reaktieve verontreinigingen waardoor de 
samenstelling van deze membranen aanzienlijk kan veranderen. 
Ashani,Y., Catravas,G.N. (1980) Anal.Biochem. 109, 55-62. 
IV 
De kritiek van Okada en Comings op de chromosoomscaffold, zoals 
deze door Laemmli en medewerkers is geïsoleerd, wordt niet 
gesteund door de juiste experimenten. 
Okada,Τ.Α., Comings,D.E. (1980)Am.J.Hum.Genet. 32, 814-832. 
Paulson,J.R. , Laeinmli,U.K. (1977) Cell 12, 817-828. 
V 
Om de direkte invloed van de bevolking op het regeringsbeleid 
te vergroten moet in Nederland het referendum ingevoerd worden. 
VI 
Een toename van de welvaart gaat gepaard met een afname van de 
beschaving. 
VII 
Gezien de slechte financiële situatie van de grote steden moet 
de uitdrukking "beter van een stad dan van een dorp" omgedraaid 
worden. 
VIII 
Gek zijn is zo gek nog niet. 
IX 
Om aan de persoonlijke smaak van de konsument tegemoet te komen 
is het noodzakelijk het zout in "zoutjes" apart te verpakken. 
Soest, 11 november 1982 
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